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ch
ec
li
p
se
ob
se
rv
at
io
n
s
of
th
e

co
ro
n
a
(f
or
v
is
ib
le
w
av
el
en
gt
h
s)
w
er
e
of
th
e
co
ro
n
al
\g
re
en
"
(5
30
3
� A
)
an
d
\r
ed
"
(6
37
4
� A
)

li
n
es
an
d
it
to
ok
m
an
y
ye
ar
s
to
�
n
al
ly
as
se
ss
w
h
at
w
as
cr
ea
ti
n
g
th
es
e
st
ro
n
g
em
is
si
on
li
n
es
5
.

E
m
in
en
t
au
th
or
s
at
th
e
ti
m
e
su
gg
es
te
d
th
at
th
ey
w
er
e
si
gn
at
u
re
s
fo
rm
ed
b
y
a
n
ew
el
em
en
t

ca
ll
ed
\c
or
on
iu
m
",
b
u
t
M
en
d
el
ee
v
w
as
n
ea
r
co
m
p
le
ti
on
of
th
e
p
er
io
d
ic
ta
b
le
of
el
em
en
ts
an
d

th
er
e
w
as
n
o
sp
ac
e
le
ft
fo
r
co
ro
n
iu
m
,
so
so
m
et
h
in
g
el
se
h
ad
to
ex
p
la
in
th
es
e
em
is
si
on
li
n
es
.

E
ve
n
tu
al
ly
,
th
ro
u
gh
th
e
w
or
k
on
th
e
sp
ec
tr
a
of
h
ig
h
ly
io
n
is
ed
at
om
s
of
E
d
l�e
n
(1
94
1)
w
h
o,

u
si
n
g
th
e
n
ew
m
o
d
el
s
of
at
om
ic
st
ru
ct
u
re
p
os
tu
la
te
d
b
y
G
ro
tr
ia
n
(1
92
8)
,
id
en
ti
�
ed
th
e
\r
ed
"

li
n
e
as
b
el
on
gi
n
g
to
n
in
e
ti
m
es
io
n
is
ed
Ir
on
(F
e
X
).
T
h
e
fo
ll
ow
u
p
w
or
k
(E
d
l�e
n
19
43
)
re
ve
al
ed

th
at
th
e
co
ro
n
a
w
as
ab
ou
t
on
e
h
u
n
d
re
d
ti
m
es
h
ot
te
r
th
an
th
e
p
h
ot
os
p
h
er
e.

T
h
is
ea
rl
y
w
or
k
p
ro
v
id
ed
a
cl
u
e
to
u
n
d
er
st
an
d
in
g
th
e
so
la
r
sp
ec
tr
u
m
of
em
it
te
d
e-
m
ra
d
i-

at
io
n
b
ec
au
se
it
al
lo
w
ed
th
e
id
en
ti
�
ca
ti
on
of
sp
ec
i�
c
li
n
es
w
it
h
th
os
e
b
el
on
gi
n
g
to
p
ar
ti
cu
la
r

at
om
ic
sp
ec
tr
a
ob
se
rv
ed
in
th
e
la
b
or
at
or
y
p
la
sm
as
of
th
e
ti
m
e.
H
ow
ev
er
,
th
es
e
st
u
d
ie
s
w
er
e

re
st
ri
ct
ed
to
op
ti
ca
l
w
av
el
en
gt
h
s
an
d
to
st
u
d
y
fu
ll
y
th
e
p
ar
ts
of
th
e
so
la
r
sp
ec
tr
u
m
p
ro
d
u
ce
d

b
y
h
ot
te
r
re
gi
on
s
w
ou
ld
re
q
u
ir
e
ob
se
rv
at
io
n
s
b
ey
on
d
th
e
v
io
le
t
en
d
of
th
e
op
ti
ca
l
sp
ec
tr
u
m

(w
it
h
th
e
ad
d
it
io
n
al
b
en
e�
t
of
n
ot
b
ei
n
g
in

u
en
ce
d
b
y
th
e
in
te
n
se
p
h
ot
os
p
h
er
ic
ra
d
ia
ti
on
in

th
at
ra
n
ge
).
A
s
w
e
w
il
l
se
e
b
el
ow
,
fr
om
gr
ou
n
d
b
as
ed
ob
se
rv
at
or
ie
s,
it
is
v
ir
tu
al
ly
im
p
os
si
b
le

to
m
ak
e
su
ch
ob
se
rv
at
io
n
s
b
ec
au
se
ou
r
at
m
os
p
h
er
e
d
o
es
n
't
tr
an
sm
it
ra
d
ia
ti
on
of
w
av
el
en
gt
h
s

b
el
on
gi
n
g
to
m
os
t
em
is
si
on
li
n
es
fo
rm
ed
in
th
e
tr
an
si
ti
on
re
gi
on
an
d
co
ro
n
a
(m
os
tl
y
in
th
e

u
lt
ra
v
io
le
t,
U
V
,
or
E
U
V
,
th
e
ex
tr
em
e-
U
V
an
d
X
-R
ay
s;
se
e
T
ab
le
1.
1)
re
ad
il
y
an
d
w
e
ar
e

re
q
u
ir
ed
to
ta
ke
sp
ec
ia
l
st
ep
s
to
ov
er
co
m
e
th
is
d
iÆ
cu
lt
y.

F
ro
m
p
ic
tu
re
s
li
ke
th
os
e
sh
ow
n
in
�
gu
re
1.
4
w
e
ca
n
cl
ea
rl
y
ob
se
rv
e
th
e
p
re
se
n
ce
an
d
in
-


u
en
ce
of
m
ag
n
et
ic
st
ru
ct
u
re
s
p
er
va
d
in
g
th
e
so
la
r
at
m
os
p
h
er
e.
T
h
e
va
st
n
u
m
b
er
of
p
os
si
b
le

m
or
p
h
ol
og
ic
al
an
d
to
p
ol
og
ic
al
m
ag
n
et
ic
�
el
d
s
ge
n
er
at
ed
b
y
su
b
-p
h
ot
os
p
h
er
ic
d
y
n
am
ic
co
n
-

ve
ct
io
n
m
ea
n
th
at
a
co
u
rs
e
in
so
la
r
zo
ol
og
y
(o
r
p
h
il
at
el
y
)
is
re
q
u
ir
ed
to
ke
ep
tr
ac
k
of
th
e

n
ew
es
t
\b
re
ed
s"
.
P
os
si
b
ly
th
e
m
os
t
ob
v
io
u
s
d
et
er
m
in
at
io
n
to
m
ak
e
b
y
ey
e
is
th
e
d
i�
er
en
ce

b
et
w
ee
n
th
e
\q
u
ie
t"
an
d
\a
ct
iv
e"
S
u
n
.
Q
u
ie
t
S
u
n
re
gi
on
s
ar
e
si
m
p
ly
id
en
ti
�
ed
b
y
th
e
fa
ct

th
at
th
er
e
ap
p
ea
rs
to
b
e
ve
ry
fe
w
or
n
o
co
m
p
le
x
m
ag
n
et
ic
st
ru
ct
u
re
s
p
re
se
n
t
w
h
er
ea
s
ac
-

4
V
is
ib
le
-
in
th
e
se
n
se
o
f
n
a
k
ed
ey
e
o
b
se
rv
a
ti
o
n
.

5
W
e
n
ow
k
n
ow
th
a
t
th
e
b
u
lk
o
f
co
ro
n
a
l
em
is
si
o
n
co
m
es
fr
o
m
th
e
so
-c
a
ll
ed
\
K
-c
o
ro
n
a
"
(a
ri
si
n
g
fr
o
m
el
ec
tr
o
n

sc
a
tt
er
in
g
o
f
p
h
o
to
sp
h
er
ic
li
g
h
t)
w
h
er
ea
s
th
e
p
o
rt
io
n
a
tt
ri
b
u
te
d
to
th
e
re
d
a
n
d
g
re
en
li
n
es
is
k
n
ow
n
a
s
th
e

\
L
-c
o
ro
n
a
"
.



1.2.
R
E
M
O
T
E
S
E
N
S
IN
G
O
F
T
H
E
S
U
N
(1945
!

P
R
E
S
E
N
T
)

tive
region
s
are
u
su
ally
asso
ciated
w
ith
th
e
m
ost
w
ell
k
n
ow
n
of
solar
featu
res,
su
n
sp
ots
an
d

lo
op
-like
stru
ctu
res.

T
h
ere
are
m
an
y
oth
er
solar
p
h
en
om
en
a,
b
oth
static
an
d
h
igh
ly
d
y
n
am
ic,
asso
ciated
w
ith

th
e
in
teraction
b
etw
een
th
e
p
lasm
a
an
d
th
e
m
agn
etic
�
eld
s
p
resen
t.
T
o
give
a
com
p
lete
list
of

th
ese,
or
at
least
th
ose
p
resen
tly
id
en
ti�
ed
,
w
ou
ld
b
e
in
ap
p
rop
riate
in
th
is
d
iscu
ssion
b
u
t
h
ere

are
som
e
of
th
e
m
ost
com
m
on
ly
ob
served
:

ares,
su
rges,
jets,
p
olar
p
lu
m
es,
p
rom
in
en
ces
an
d

coron
al
m
ass
ejection
s
(C
M
E
s).
F
u
rth
er
d
iscu
ssion
of
th
ese
featu
res
is
b
eyon
d
th
e
scop
e
of
th
is

th
esis,
th
e
in
terested
read
er
is
d
irected
to
th
e
ex
cellen
t
tex
ts
m
en
tion
ed
ab
ove.
T
h
e
m
a
jority

of
th
e
w
ork
w
e
w
ill
p
resen
t
in
d
u
e
cou
rse
w
ill
b
e
m
ost
reliab
ly
ap
p
licab
le
to
stead
y
q
u
iet

region
s
alth
ou
gh
m
o
d
i�
cation
s
can
(in
som
e
cases)
b
e
m
ad
e
to
in
corp
orate
th
e
tim
escales

an
d
d
y
n
am
ics
of
active
region
s.

1
.2

R
e
m
o
te
se
n
sin
g
o
f
th
e
S
u
n
(1
9
4
5
!

P
re
se
n
t)

W
e
h
ave
m
en
tion
ed
ab
ove,
in
p
assin
g,
th
at
on
e
of
th
e
m
a
jor
reason
s
w
h
y
w
e
h
ave
to
p
lace

ob
serv
in
g
in
stru
m
en
ts
ab
ove
th
e
E
arth
's
atm
osp
h
ere
to
stu
d
y
th
at
of
th
e
S
u
n
an
d
of
oth
er

m
ore
d
istan
t
ob
jects.
T
h
ere
are
th
ree
p
rin
cip
al
reason
s
w
h
y
w
e
sh
ou
ld
w
an
t
to
ob
served
th
e

S
u
n
from
sp
ace
:

1.
E
x
te
n
d
in
g
th
e
ra
n
g
e
o
f
w
a
v
e
le
n
g
th
s
o
b
se
rv
a
b
le
.
T
h
e
h
otter
region
s
of
th
e
solar
atm
osp
h
ere

em
it
in
th
e
far
u
ltrav
iolet
an
d
X
-ray
sp
ectral
b
an
d
s
b
u
t
ou
r
atm
osp
h
ere
is
e�
ectively

T
ab
le
1.1:
T
h
e
p
h
oton
w
avelen
gth
an
d
en
ergies
of
th
e
electrom
agn
etic
sp
ectru
m
.

N
am
e

W
avelen
gth
ran
ge
(�
�A
)

E
n
ergy
ran
ge
(E
eV
)

R
ad
io

�
10
7
�A

E
�
0.00124
eV

In
frared
(IR
)

10
6
>
�
�
7500
�A

1:65
�
E
>
0:00124
eV

V
isib
le

7500
>
�
�
3000
�A

4:13
�
E
>
1:65
eV

U
ltrav
iolet
(U
V
)

3000
>
�
�
1500
�A

8:24
�
E
>
4:13
eV

E
x
trem
e-U
V
(E
U
V
)

1500
>
�
�
100
�A

124
�
E
>
8:24
eV

S
oft
X
-R
ay
(S
X
R
)

100
>
�
�
1
�A

12:4
�
E
>
0:124
keV

H
ard
X
-R
ay
(H
X
R
)

1
>
�
�
0:025
�A

500
�
E
>
12:4
keV

G
am
m
a
R
ay

0:025
>
�
�A

E
>
500
keV

B
.2.
T
H
E
S
E
L
E
C
T
O
R
C
O
D
E

s
u
m
=
s
u
m
-
a
(
i
,
k
)
*
a
(
k
,
j
)

1
3

c
o
n
t
i
n
u
e

a
(
i
,
j
)
=
s
u
m

1
4

c
o
n
t
i
n
u
e

a
a
m
a
x
=
0
.

d
o
1
6
i
=
j
,
n

s
u
m
=
a
(
i
,
j
)

d
o
1
5
k
=
1
,
j
-
1

s
u
m
=
s
u
m
-
a
(
i
,
k
)
*
a
(
k
,
j
)

1
5

c
o
n
t
i
n
u
e

a
(
i
,
j
)
=
s
u
m

d
u
m
=
v
v
(
i
)
*
a
b
s
(
s
u
m
)

i
f
(
d
u
m
.
g
e
.
a
a
m
a
x
)
t
h
e
n

i
m
a
x
=
i

a
a
m
a
x
=
d
u
m

e
n
d
i
f

1
6

c
o
n
t
i
n
u
e

i
f
(
j
.
n
e
.
i
m
a
x
)
t
h
e
n

d
o
1
7
k
=
1
,
n

d
u
m
=
a
(
i
m
a
x
,
k
)

a
(
i
m
a
x
,
k
)
=
a
(
j
,
k
)

a
(
j
,
k
)
=
d
u
m

1
7

c
o
n
t
i
n
u
e

d
=
-
d

v
v
(
i
m
a
x
)
=
v
v
(
j
)

e
n
d
i
f

i
n
d
x
(
j
)
=
i
m
a
x

i
f
(
a
(
j
,
j
)
.
e
q
.
0
.
)
a
(
j
,
j
)
=
t
i
n
y

i
f
(
j
.
n
e
.
n
)
t
h
e
n

d
u
m
=
1
.
/
a
(
j
,
j
)

d
o
1
8
i
=
j
+
1
,
n

a
(
i
,
j
)
=
a
(
i
,
j
)
*
d
u
m

1
8

c
o
n
t
i
n
u
e

e
n
d
i
f

1
9

c
o
n
t
i
n
u
e

r
e
t
u
r
n

e
n
d

c

(
c
)
c
o
p
r
.
1
9
8
6
-
9
2
n
u
m
e
r
i
c
a
l
r
e
c
i
p
e
s
s
o
f
t
w
a
r
e

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
s
t
r
c
o
(
t
,
l
d
t
,
n
,
r
c
o
n
d
,
z
,
j
o
b
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c

k
e
y
w
o
r
d
s

c
o
n
d
i
t
i
o
n
,
f
a
c
t
o
r
,
l
i
n
e
a
r
a
l
g
e
b
r
a
,
l
i
n
p
a
c
k
,
m
a
t
r
i
x
,
t
r
i
a
n
g
u
l
a
r

c

a
u
t
h
o
r

m
o
l
e
r
,
c
.
b
.
,
(
u
.
o
f
n
e
w
m
e
x
i
c
o
)

c

p
u
r
p
o
s
e

e
s
t
i
m
a
t
e
s
t
h
e
c
o
n
d
i
t
i
o
n
o
f
a
r
e
a
l
t
r
i
a
n
g
u
l
a
r
m
a
t
r
i
x
.

cc

s
t
r
c
o
e
s
t
i
m
a
t
e
s
t
h
e
c
o
n
d
i
t
i
o
n
o
f
a
r
e
a
l
t
r
i
a
n
g
u
l
a
r
m
a
t
r
i
x
.

cc

o
n
e
n
t
r
y

cc

t

r
e
a
l
(
l
d
t
,
n
)

c

t
c
o
n
t
a
i
n
s
t
h
e
t
r
i
a
n
g
u
l
a
r
m
a
t
r
i
x
.

t
h
e
z
e
r
o

c

e
l
e
m
e
n
t
s
o
f
t
h
e
m
a
t
r
i
x
a
r
e
n
o
t
r
e
f
e
r
e
n
c
e
d
,
a
n
d

c

t
h
e
c
o
r
r
e
s
p
o
n
d
i
n
g
e
l
e
m
e
n
t
s
o
f
t
h
e
a
r
r
a
y
c
a
n
b
e

c

u
s
e
d
t
o
s
t
o
r
e
o
t
h
e
r
i
n
f
o
r
m
a
t
i
o
n
.

cc

l
d
t

i
n
t
e
g
e
r

c

l
d
t
i
s
t
h
e
l
e
a
d
i
n
g
d
i
m
e
n
s
i
o
n
o
f
t
h
e
a
r
r
a
y
t
.

cc

n

i
n
t
e
g
e
r

c

n
i
s
t
h
e
o
r
d
e
r
o
f
t
h
e
s
y
s
t
e
m
.

cc

j
o
b

i
n
t
e
g
e
r

c

=
0

t

i
s
l
o
w
e
r
t
r
i
a
n
g
u
l
a
r
.

c

=
n
o
n
z
e
r
o

t

i
s
u
p
p
e
r
t
r
i
a
n
g
u
l
a
r
.

cc

o
n
r
e
t
u
r
n

cc

r
c
o
n
d

r
e
a
l

c

a
n
e
s
t
i
m
a
t
e
o
f
t
h
e
r
e
c
i
p
r
o
c
a
l
c
o
n
d
i
t
i
o
n
o
f

t
.

c

f
o
r
t
h
e
s
y
s
t
e
m

t
*
x
=
b
,
r
e
l
a
t
i
v
e
p
e
r
t
u
r
b
a
t
i
o
n
s

c

i
n

t

a
n
d

b

o
f
s
i
z
e

e
p
s
i
l
o
n

m
a
y
c
a
u
s
e



B
.2
.
T
H
E
S
E
L
E
C
T
O
R
C
O
D
E

l
=
i
s
t
a
c
k
(
j
s
t
a
c
k
-
1
)

j
s
t
a
c
k
=
j
s
t
a
c
k
-
2

e
l
s
e

k
=
(
l
+
i
r
)
/
2

i
t
e
m
p
=
i
n
d
x
(
k
)

i
n
d
x
(
k
)
=
i
n
d
x
(
l
+
1
)

i
n
d
x
(
l
+
1
)
=
i
t
e
m
p

i
f
(
a
r
r
(
i
n
d
x
(
l
+
1
)
)
.
g
t
.
a
r
r
(
i
n
d
x
(
i
r
)
)
)
t
h
e
n

i
t
e
m
p
=
i
n
d
x
(
l
+
1
)

i
n
d
x
(
l
+
1
)
=
i
n
d
x
(
i
r
)

i
n
d
x
(
i
r
)
=
i
t
e
m
p

e
n
d
i
f

i
f
(
a
r
r
(
i
n
d
x
(
l
)
)
.
g
t
.
a
r
r
(
i
n
d
x
(
i
r
)
)
)
t
h
e
n

i
t
e
m
p
=
i
n
d
x
(
l
)

i
n
d
x
(
l
)
=
i
n
d
x
(
i
r
)

i
n
d
x
(
i
r
)
=
i
t
e
m
p

e
n
d
i
f

i
f
(
a
r
r
(
i
n
d
x
(
l
+
1
)
)
.
g
t
.
a
r
r
(
i
n
d
x
(
l
)
)
)
t
h
e
n

i
t
e
m
p
=
i
n
d
x
(
l
+
1
)

i
n
d
x
(
l
+
1
)
=
i
n
d
x
(
l
)

i
n
d
x
(
l
)
=
i
t
e
m
p

e
n
d
i
f

i
=
l
+
1

j
=
i
r

i
n
d
x
t
=
i
n
d
x
(
l
)

a
=
a
r
r
(
i
n
d
x
t
)

3

c
o
n
t
i
n
u
e

i
=
i
+
1

i
f
(
a
r
r
(
i
n
d
x
(
i
)
)
.
l
t
.
a
)
g
o
t
o
3

4

c
o
n
t
i
n
u
e

j
=
j
-
1

i
f
(
a
r
r
(
i
n
d
x
(
j
)
)
.
g
t
.
a
)
g
o
t
o
4

i
f
(
j
.
l
t
.
i
)
g
o
t
o
5

i
t
e
m
p
=
i
n
d
x
(
i
)

i
n
d
x
(
i
)
=
i
n
d
x
(
j
)

i
n
d
x
(
j
)
=
i
t
e
m
p

g
o
t
o
3

5

i
n
d
x
(
l
)
=
i
n
d
x
(
j
)

i
n
d
x
(
j
)
=
i
n
d
x
t

j
s
t
a
c
k
=
j
s
t
a
c
k
+
2

i
f
(
j
s
t
a
c
k
.
g
t
.
N
S
T
A
C
K
)
p
a
u
s
e
'
N
S
T
A
C
K
t
o
o
s
m
a
l
l
i
n
i
n
d
e
x
x
'

i
f
(
i
r
-
i
+
1
.
g
e
.
j
-
l
)
t
h
e
n

i
s
t
a
c
k
(
j
s
t
a
c
k
)
=
i
r

i
s
t
a
c
k
(
j
s
t
a
c
k
-
1
)
=
i

i
r
=
j
-
1

e
l
s
e

i
s
t
a
c
k
(
j
s
t
a
c
k
)
=
j
-
1

i
s
t
a
c
k
(
j
s
t
a
c
k
-
1
)
=
l

l
=
i

e
n
d
i
f

e
n
d
i
f

g
o
t
o
1

E
N
D

c

(
C
)
C
o
p
r
.
1
9
8
6
-
9
2
N
u
m
e
r
i
c
a
l
R
e
c
i
p
e
s
S
o
f
t
w
a
r
e

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
s
t
d
r
e
p

+

(
n
d
i
m
,
n
,
n
p
,
i
r
e
p
,
i
e
l
i
t
e
,
p
h
,
o
l
d
p
h
,
f
i
t
n
s
,
i
f
i
t
,
j
f
i
t
,
n
n
e
w
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c

s
t
e
a
d
y
-
s
t
a
t
e
r
e
p
r
o
d
u
c
t
i
o
n
:
i
n
s
e
r
t
o
f
f
s
p
r
i
n
g
p
a
i
r
i
n
t
o
p
o
p
u
l
a
t
i
o
n

c

o
n
l
y
i
f
t
h
e
y
a
r
e
f
i
t
e
n
o
u
g
h
(
r
e
p
l
a
c
e
-
r
a
n
d
o
m
i
f
i
r
e
p
=
2
o
r

c

r
e
p
l
a
c
e
-
w
o
r
s
t
i
f
i
r
e
p
=
3
)
.

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

i
m
p
l
i
c
i
t
n
o
n
e

i
n
t
e
g
e
r

n
d
i
m
,
n
,
n
p
,
i
r
e
p
,
i
e
l
i
t
e
,
i
f
i
t
(
n
p
)

i
n
t
e
g
e
r

j
f
i
t
(
n
p
)
,
n
n
e
w
,
i
,
j
,
k
,
i
1
,
i
f
1

r
e
a
l

f
f
,
p
h
(
n
d
i
m
,
2
)
,
o
l
d
p
h
(
n
d
i
m
,
n
p
)
,
f
i
t
n
s
(
n
p
)
,
f
i
t

r
e
a
l

u
r
a
n
d

e
x
t
e
r
n
a
l

f
f
,
u
r
a
n
d

n
n
e
w
=
0

d
o
1
j
=
1
,
2

1.
2.
R
E
M
O
T
E
S
E
N
S
IN
G
O
F
T
H
E
S
U
N
(1
94
5
!

P
R
E
S
E
N
T
)

fr
eq
u
en
tl
y
u
se
d
to
su
p
p
le
m
en
t
an
d
ca
li
b
ra
te
ob
se
rv
at
io
n
m
ad
e
b
y
E
ar
th
or
b
it
in
g
sa
te
ll
it
es
.

In
th
e
la
te
19
50
s,
v
ir
tu
al
ly
as
so
on
as
th
e
�
rs
t
ea
rt
h
or
b
it
in
g
sa
te
ll
it
es
w
er
e
b
ei
n
g
su
c-

ce
ss
fu
ll
y
la
u
n
ch
ed
,
th
e
th
eo
re
ti
ca
l
d
ev
el
op
m
en
t
of
sp
ac
e-
b
or
n
e
ob
se
rv
at
io
n
s
to
ok
gr
ea
t
le
ap
s

w
it
h
in
st
ru
m
en
ta
ti
on
p
la
ce
d
on
th
e
S
p
u
tn
ik
se
ri
es
.
S
o
on
af
te
r
th
e
tu
rn
of
th
e
d
ec
ad
e
(1
96
2)

N
A
S
A
la
u
n
ch
ed
th
e
�
rs
t
of
th
e
O
rb
it
in
g
S
ol
ar
O
b
se
rv
at
or
ie
s
(O
S
O
s)
w
h
ic
h
sp
ea
rh
ea
d
ed
th
ei
r

re
se
ar
ch
ob
je
ct
iv
es
u
n
ti
l
th
e
m
id
d
le
of
th
e
19
70
s
w
it
h
th
e
la
u
n
ch
of
O
S
O
-8
.
T
h
e
O
S
O
s
w
er
e

d
es
ig
n
ed
to
co
ve
r
th
e
U
V
an
d
ex
tr
em
e-
U
V
re
gi
on
s
an
d
al
so
sh
ow
ed
u
p
a

aw
in
ob
se
rv
at
io
n
s

m
ad
e
b
y
ea
rl
ie
r
or
b
it
in
g
sa
te
ll
it
es
;
th
e
e�
ec
t
of
b
ac
k
gr
ou
n
d
ra
d
ia
ti
on
fr
om
el
ec
tr
on
s
in
th
e

E
ar
th
's
V
an
A
ll
en
ra
d
ia
ti
on
b
el
ts
ca
u
se
d
se
ve
re
co
n
ta
m
in
at
io
n
of
th
e
m
ea
su
re
m
en
ts
.
In
th
e

m
ea
n
ti
m
e
N
A
S
A
h
ad
d
ev
el
op
ed
,
b
u
il
t
an
d
p
la
ce
d
in
or
b
it
(u
si
n
g
m
at
er
ia
ls
fr
om
th
e
A
p
ol
lo

m
o
on
p
ro
gr
am
m
e)
,
th
e
S
k
y
la
b
sp
ac
e
st
at
io
n
w
h
ic
h
w
as
op
er
at
io
n
al
fo
r
a
p
er
io
d
of
25
1
d
ay
s

fr
om
M
ay
19
73
u
n
ti
l
it
s
ev
en
tu
al
re
-e
n
tr
y
in
J
u
ly
19
79
.

S
k
y
la
b
sa
w
th
e
in
tr
o
d
u
ct
io
n
of
im
ag
in
g
te
ch
n
ol
og
y
th
at
h
ad
h
ig
h
er
sp
ec
tr
al
an
d
sp
at
ia
l

re
so
lu
ti
on
th
an
an
y
of
it
s
p
re
d
ec
es
so
rs
.
T
h
e
h
u
b
of
th
e
S
k
y
la
b
ob
se
rv
at
io
n
s
w
as
th
e
A
p
ol
lo

T
el
es
co
p
e
M
ou
n
t
(A
T
M
),
th
e
h
om
e
fo
r
ei
gh
t
fu
ll
si
ze
in
st
ru
m
en
ts
th
at
co
ve
re
d
th
e
en
ti
re

sp
ec
tr
al
re
gi
on
fr
om
2
� A
to
70
00
� A
.
T
h
e
S
k
y
la
b
m
is
si
on
,
b
ec
au
se
of
in
cr
ea
se
d
ob
se
rv
at
io
n

ti
m
e
an
d
sc
ie
n
ti
�
c
fu
n
d
in
g
le
ve
ls
,
w
as
th
e
m
os
t
p
ro
d
u
ct
iv
e
m
is
si
on
of
so
la
r
ob
se
rv
at
io
n
s
fr
om

sp
ac
e.
T
h
e
ad
va
n
ce
s
of
th
e
m
is
si
on
ar
e
d
o
cu
m
en
te
d
in
th
e
p
ro
ce
ed
in
gs
of
th
re
e
w
or
k
sh
op
s

(Z
ir
ke
r
19
77
;
S
tu
rr
o
ck
19
80
;
O
rr
al
l
19
81
)
on
th
e
ev
ol
u
ti
on
an
d
st
ru
ct
u
re
of
\c
or
on
al
h
ol
es
",

ac
ti
ve
re
gi
on
s
an
d
th
e
an
al
y
si
s,
ob
se
rv
at
io
n
an
d
p
re
d
ic
ti
on
s
of
so
la
r

ar
es
.

In
th
e
ye
ar
s
fo
ll
ow
in
g
it
s
d
em
is
e
th
e
q
u
an
ti
ty
of
h
ig
h
q
u
al
it
y
S
k
y
la
b
d
at
a
ke
p
t
so
la
r

p
h
y
si
ci
st
s
b
u
sy
,
th
at
is
u
n
ti
lt
h
e
m
id
to
la
te
19
80
s
w
it
h
th
e
la
u
n
ch
of
se
ve
ra
l
n
ew
m
is
si
on
s
(e
.g
.,

H
in
o
to
ri
an
d
th
e
C
o
m
p
to
n
G
a
m
m
a
R
a
y
O
b
se
rv
a
to
ry
)
b
u
t
in
p
ar
ti
cu
la
r
th
e
N
A
S
A
/N
A
S
D
A

Y
oh
K
oh
(\
su
n
b
ea
m
"
in
J
ap
an
es
e)
in
19
91
.
Y
oh
K
oh
is
a
jo
in
t
m
is
si
on
th
at
is
in
ve
st
ig
at
in
g
th
e

so
la
r
co
ro
n
a
an
d
it
s
X
-R
ay
em
is
si
on
.
It
s
p
ri
n
ci
p
al
ai
m
w
as
to
ob
ta
in
d
at
a
of
u
n
p
re
ce
d
en
te
d

q
u
al
it
y
on
th
e
em
is
si
on
s
fr
om

ac
ti
ve
re
gi
on
s
an
d

ar
es
u
p
to
an
d
th
ro
u
gh
th
e
la
st
so
la
r

m
ax
im
u
m
in
19
92
.
Y
oh
K
oh
is
st
il
l
\g
oi
n
g
st
ro
n
g"
an
d
p
ro
v
id
in
g
va
st
q
u
an
ti
ti
es
of
in
fo
rm
at
io
n

ri
ch
d
at
a
fo
r
th
e
co
m
m
u
n
it
y
as
th
e
so
la
r
ac
ti
v
it
y
cy
cl
e
is
on
th
e
ri
se
ag
ai
n
.

T
h
is
b
ri
n
gs
u
s
u
p
to
d
at
e,
as
fa
r
as
so
la
r
ob
se
rv
in
g
m
is
si
on
s
ar
e
co
n
ce
rn
ed
,
ap
ar
t
fr
om

th
e
m
is
si
on
fo
r
w
h
ic
h
th
is
th
es
is
is
in
te
n
d
ed
as
a
th
eo
re
ti
ca
l
ai
d
to
co
m
p
li
m
en
t
an
d
en
h
an
ce

th
e
p
h
y
si
ca
l
u
n
d
er
st
an
d
in
g
of
th
e
ob
se
rv
at
io
n
s
m
ad
e.
T
h
e
m
is
si
on
to
w
h
ic
h
w
e
re
fe
r
is
th
e

E
S
A
/N
A
S
A
\c
or
n
er
st
on
e
20
00
"
sa
te
ll
it
e
ca
ll
ed
th
e
S
ol
ar
an
d
H
el
io
sp
h
er
ic
O
b
se
rv
at
or
y,
or

S
O
H
O
fo
r
sh
or
t.



1.3.
T
H
E
S
T
R
U
C
T
U
R
E
O
F
T
H
IS
T
H
E
S
IS
IN
B
R
IE
F

1
.2
.1

T
h
e
S
o
la
r
a
n
d
H
e
lio
sp
h
e
ric
O
b
se
rv
a
to
ry
(1
9
9
5
!

P
re
se
n
t)

T
h
e
S
olar
an
d
H
eliosp
h
eric
O
b
servatory
(S
O
H
O
)
w
as
lau
n
ch
ed
in
to
orb
it
from
C
ap
e
C
an
averal

at
8:08
U
T
on
D
ecem
b
er
2
n
d
1995.
It
w
as
p
laced
in
a
h
alo
orb
it
arou
n
d
th
e
L
1
E
arth
-S
u
n

L
agran
ge
p
oin
t
som
e
1.6
m
illion
k
ilom
eters
from
E
arth
an
d
it
to
ok
n
early
fou
r
m
on
th
s
to

get
th
ere.
F
igu
re
1.3
sh
ow
s
a
sch
em
atic
layou
t
of
th
e
S
O
H
O
sp
acecraft
w
h
ich
con
tain
s
th
e

largest
com
p
lim
en
t
of
solar
ob
servation
to
ols
sin
ce
S
k
y
lab
w
as
con
stru
cted
som
e
tw
en
ty
years

p
rev
iou
sly.

S
O
H
O
's
p
rim
e
scien
ti�
c
goals
are
laid
ou
t
in
d
etail
in
F
leck
et
al.
(1995)
an
d
th
ese
in
clu
d
e

u
n
d
erstan
d
in
g
:

?
th
e
stru
ctu
re,
com
p
osition
an
d
d
y
n
am
ics
in
th
e
solar
in
terior
(th
e
region
b
elow
�
5
0
0
0
=
1,

i.e.
b
elow
th
e
p
h
otosp
h
ere)

?
th
e
stru
ctu
re
an
d
d
y
n
am
ics
of
th
e
ch
rom
osp
h
ere,
tran
sition
region
an
d
coron
a

?
th
e
solar
w
in
d
an
d
its
in
teraction
w
ith
th
e
E
arth
's
atm
osp
h
ere

T
h
e
secon
d
of
th
ese
ob
jectives
is
ou
r
p
rin
cip
al
con
cern
;
d
iagn
osis
an
d
in
terp
retation
of
th
e

em
ission
of
th
e
ou
ter
region
s
of
th
e
solar
atm
osp
h
ere.
Im
ages
su
ch
as
th
ose
in
�
gu
re
1.4

sh
ow
th
e
d
i�
eren
t
featu
res
v
isib
le
in
ob
servation
s
at
d
i�
eren
t
w
avelen
gth
s
th
at
are
taken

alm
ost
sim
u
ltan
eou
sly.
T
ab
le
1.2
gives
som
e
d
etails
of
th
e
in
stru
m
en
ts
u
sed
for
th
is
stu
d
y

an
d
certain
oth
er
attrib
u
tes.
F
rom
th
is
set
of
telescop
es
an
d
sp
ectrom
eters
w
e
ob
tain
p
lasm
a

d
iagn
ostics
w
h
ich
p
rov
id
e
u
s
w
ith
tem
p
eratu
re,
d
en
sity
an
d
velo
city
m
easu
rem
en
ts
of
th
e

em
ittin
g
m
aterial.
In
p
articu
lar
th
ou
gh
,
w
e
d
iscu
ss
th
e
th
eoretical
d
evelop
m
en
t
for
d
ata

acq
u
ired
b
y
th
e
C
oron
al
D
iagn
ostic
S
p
ectrom
eter
(C
D
S
;
H
arrison
et
al.
1995)
an
d
th
e
S
olar

U
ltrav
iolet
M
easu
rem
en
t
of
E
m
itted
R
ad
iation
(S
U
M
E
R
;
W
ilh
elm
et
al.
1995)
in
stru
m
en
ts.

1
.3

T
h
e
stru
ctu
re
o
f
th
is
th
e
sis
in
b
rie
f

W
e
h
ave
seen
th
at
p
rob
in
g
th
e
ou
ter
atm
osp
h
ere
of
th
e
S
u
n
req
u
ires
a
great
d
eal
of
p
lan
n
in
g

an
d
accu
rate
ex
ecu
tion
to
p
lace
in
tricate
p
ieces
of
u
n
m
an
n
ed
m
ach
in
ery
over
a
m
illion
k
ilo-

m
eters
in
to
sp
ace.
O
u
r
d
iscu
ssion
so
far
h
as
raised
on
e
very
im
p
ortan
t
q
u
estion
,
h
ow
d
o
w
e

ex
p
lain
th
e
h
eatin
g
of
th
e
ch
rom
osp
h
ere
an
d
coron
a
in
p
articu
lar
?

W
e
w
ill
n
o
t
attem
p
t
to
an
sw
er
th
is
q
u
estion
b
u
t
w
e
h
op
e
to
ach
ieve
th
e
n
ex
t
b
est
th
in
g

w
ith
th
is
th
esis.
T
h
at
is,
w
e
w
ill
en
d
eavou
r
to
en
h
an
ce
th
e
u
n
d
erstan
d
in
g,
m
eth
o
d
ology

B
.2.
T
H
E
S
E
L
E
C
T
O
R
C
O
D
E

c

I
N
P
U
T
:

c

m
:

s
c
a
l
a
r
i
n
t
e
g
e
r
,
s
i
z
e
o
f
l
i
n
e
s
a
m
p
l
e

c

n
:

s
c
a
l
a
r
i
n
t
e
g
e
r
,
s
i
z
e
o
f
l
i
n
e
s
u
b
s
e
t
b
e
i
n
g
e
v
o
l
v
e
d

c

s
:

i
n
t
e
g
e
r
,
s
i
z
e
n
,
o
r
d
i
n
a
l
v
e
c
t
o
r
d
e
f
i
n
i
n
g
s
e
l
e
c
t
i
o
n

cc

O
U
T
P
U
T
:

c

l
n
l
i
s
t
:
i
n
t
e
g
e
r
,
s
i
z
e
n
,
l
i
n
e
s
e
l
e
c
t
i
o
n

c
=
=
=
=
=
=
=
=
=
=
=
=
=
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er
,
ti
tl
ed
\F
u
n
d
am
en
ta
l
li
m
it
at
io
n
s
of
em
is
si
on
-l
in
e
sp
ec
tr
a

as
d
ia
gn
os
ti
cs
of
p
la
sm
a
te
m
p
er
at
u
re
an
d
d
en
si
ty
st
ru
ct
u
re
",
co
n
si
d
er
s
in
d
et
ai
l,
th
e
e�
ec
t

on
th
e
in
ve
rs
io
n
of
u
n
ce
rt
ai
n
ti
es
in
th
e
(h
it
h
er
to
as
su
m
ed
k
n
ow
n
)
at
om
ic
ca
lc
u
la
ti
on
s.
M
u
ch

of
th
e
w
or
k
p
re
se
n
te
d
in
th
is
th
es
is
is
m
ot
iv
at
ed
b
y
th
e
p
oi
n
ts
ra
is
ed
b
y
J
u
d
ge
et
al
.
(1
99
7)

an
d
w
e
sh
ow
th
at
n
ov
el
m
et
h
o
d
s
ca
n
b
e
em
p
lo
ye
d
to
m
in
im
is
e
so
m
e
of
th
e
d
iÆ
cu
lt
ie
s
th
ey

en
co
u
n
te
re
d
.

In
th
e
fo
ll
ow
in
g
ch
ap
te
r
w
e
in
tr
o
d
u
ce
th
e
n
ec
es
sa
ry
te
rm
in
ol
og
y
an
d
m
et
h
o
d
ol
og
y
to

u
n
d
er
st
an
d
an
d
ob
ta
in
so
lu
ti
on
s
to
in
ve
rs
e
p
ro
b
le
m
s
(S
ec
ti
on
2.
1)
an
d
to
co
n
st
ru
ct
re
le
va
n
t

at
om
ic
m
o
d
el
s
an
d
d
is
cu
ss
p
os
si
b
le
so
u
rc
es
of
u
n
ce
rt
ai
n
ty
th
er
ei
n
(S
ec
ti
on
2.
2)
.

C
h
ap
te
r
3
d
ig
re
ss
es
a
fr
om
th
e
m
ai
n
th
em
e
an
d

ow
to
in
tr
o
d
u
ce
a
va
lu
ab
le
d
ia
gn
os
ti
c

to
ol
(u
se
d
ex
te
n
si
ve
ly
in
th
e
fo
ll
ow
in
g
ch
ap
te
rs
)
ca
ll
ed
a
G
en
et
ic
A
lg
or
it
h
m
(G
A
;
G
ol
d
b
er
g

19
89
).
In
p
ar
ti
cu
la
r,
w
e
co
n
ce
n
tr
at
e
on
th
e
ap
p
li
ca
ti
on
of
G
A
s
to
th
e
d
ec
om
p
os
it
io
n
of

em
is
si
on
li
n
e
sp
ec
tr
a.
T
h
e
m
et
h
o
d
d
is
cu
ss
ed
th
er
ei
n
is
ap
p
li
ed
to
se
ve
ra
l
sy
n
th
et
ic
sp
ec
tr
a

an
d
a
U
V
li
n
e
em
is
si
on
sp
ec
tr
u
m

ta
ke
n
b
y
th
e
af
or
em
en
ti
on
ed
S
U
M
E
R
in
st
ru
m
en
t.
W
e



1.3.
T
H
E
S
T
R
U
C
T
U
R
E
O
F
T
H
IS
T
H
E
S
IS
IN
B
R
IE
F

sh
ow
th
at
th
ese
G
A
b
ased
d
ecom
p
osition
s
are
stab
le
to
d
ata
n
oise
an
d
to
th
e
e�
ects
in
h
eren
t

to
p
o
orly
sam
p
led
sp
ectra,
esp
ecially
at
th
e
lim
its
of
in
stru
m
en
tal
resolu
tion
.
T
h
e
m
aterial

con
tain
ed
in
C
h
ap
ter
3
w
as
p
u
b
lish
ed
as
M
cIn
tosh
et
al.
(1998b
).

C
h
ap
ter
4
sees
a
retu
rn
to
th
e
m
ain
th
em
e
of
th
is
th
esis,
th
e
in
feren
ce
of
reliab
le
p
lasm
a

d
iagn
ostics
from
em
ission
lin
e
sp
ectra
in
th
e
w
avelen
gth
ran
ge
of
th
e
S
O
H
O
C
D
S
/S
U
M
E
R

in
stru
m
en
ts.
W
e,
in
S
ection
4.1,
ap
p
roach
th
is
from

tw
o
d
i�
eren
t
p
ersp
ectives,
th
e
lin
e

ratio
an
d
th
e
D
E
M

m
eth
o
d
s,
h
ow
ever
w
e
sh
ow
th
at
b
oth
are
m
ath
em
atically
eq
u
ivalen
t

(S
ection
4.1
w
as
p
u
b
lish
ed
as
M
cIn
tosh
et
al.
1998a).
W
e
w
ill
sh
ow
th
at
th
e
lin
e
ratio

m
eth
o
d
is
an
ad
eq
u
ate
m
ean
s
of
overcom
in
g
th
e
th
eoretical
u
n
certain
ties
d
iscu
ssed
in
J
u
d
ge

et
al.
(1997)
an
d
th
at
form
al
in
version
to
ob
tain
th
e
aforem
en
tion
ed
D
E
M
s
is
th
e
o
n
ly
w
ay,
in

th
e
con
tex
t
of
in
verse
m
eth
o
d
s
(in
clu
d
in
g
th
ose
related
m
eth
o
d
s
u
sin
g
lin
e
ratios),
to
ex
tract

u
sefu
l
in
form
ation
from

em
ission
lin
e
sp
ectra
(C
raig
&
B
row
n
1976).
T
o
th
is
en
d
,
w
e
(in

S
ection
4.2)
p
resen
t
a
n
ovel
G
A
b
ased
ap
p
roach
,
th
e
R
atio
In
version
T
ech
n
iq
u
e
(R
IT
),
to

`cou
p
le'
th
e
tw
o
m
eth
o
d
s
m
en
tion
ed
ab
ove
an
d
ob
tain
th
e
m
ost
reliab
le
p
ossib
le
D
E
M
s
in

th
e
p
resen
ce
of
th
ese
th
eoretical
u
n
certain
ties.
W
e
sh
ow
th
at
th
e
R
IT
ex
p
loits
th
e
sy
stem
atic

n
atu
re
of
th
ese
u
n
certain
ties
an
d
ob
tain
s
D
E
M
s
to
a
h
igh
er
d
egree
of
u
n
iq
u
en
ess
th
an
a

stan
d
ard
D
E
M

in
version
in
th
eir
p
resen
ce.
S
ection
4.4
sees
th
e
ap
p
lication
of
th
e
R
IT
to

em
ission
lin
e
sp
ectra
ob
tain
ed
b
y
th
e
S
olar
E
U
V
R
o
cket
T
elescop
e
an
d
S
p
ectrograp
h
(S
E
R
T
S
-

-89;
T
h
om
as
&
N
eu
p
ert
1994)
to
see
th
e
d
i�
eren
ces
o
ccu
rrin
g
b
etw
een
D
E
M
s
ob
tain
ed
b
y

R
IT
in
version
an
d
th
ose
p
u
b
lish
ed
p
rev
iou
sly
(B
rick
h
ou
se
et
al.
1995;
L
an
d
i
&
L
an
d
in
i
1997;

L
an
zafam
e
et
al.
1998).

In
C
h
ap
ter
5
w
e
em
p
loy
an
oth
er
G
A
b
ased
m
eth
o
d
(S
E
L
E
C
T
O
R
)
to
overcom
e
an
oth
er

seriou
s
p
rob
lem
asso
ciated
to
th
e
solu
tion
of
an
y
in
verse
p
rob
lem
,
in
th
is
case
w
e
fo
cu
s
on
th
e

u
n
ivariate
(T
e
an
d
n
e )
D
E
M

in
verse
p
rob
lem
s.
T
h
is
d
iscu
ssion
con
cern
s
th
e
am
p
li�
cation
of

errors
in
th
e
ob
served
em
ission
lin
e
in
ten
sities
to
catastrop
h
ic
errors
in
th
e
recovered
D
E
M
s

th
rou
gh
th
e
lin
ear
d
ep
en
d
en
ce
(am
on
gst
oth
er
th
in
gs)
of
th
e
in
verse
op
erator,
or
k
e
rn
e
l,

w
h
ich
is
th
en
k
n
ow
n
as
b
ein
g
poo
rly
co
n
d
itio
n
ed
(see
C
raig
&
B
row
n
1986).
T
h
e
m
eth
o
d
w
e

p
resen
t
search
es
a
list
of
133
em
ission
lin
es
(again
in
th
e
C
D
S
/S
U
M
E
R
w
avelen
gth
ran
ge)
to

id
en
tify
th
e
su
b
set
of
th
ose
lin
es
th
at
red
u
ces
th
e
error
am
p
li�
cation
b
y
ob
tain
in
g
th
e
kern
el

w
ith
th
e
b
est
p
ossib
le
con
d
ition
in
g.

C
h
ap
ter
6
d
iscu
sses
th
e
p
oin
ts
raised
an
d
m
eth
o
d
s
p
resen
ted
in
th
e
p
reced
in
g
ch
ap
ters

as
w
ell
su
ggestin
g
p
ossib
le
ap
p
lication
s,
im
p
rovem
en
ts
an
d
fu
tu
re
ex
ten
sion
s.
In
all
w
e
sh
ow

th
at
carefu
l
con
sid
eration
of
th
e
p
h
y
sical
n
atu
re
of
th
e
em
ission
lin
es
u
sed
as
w
ell
as
carefu
l
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c
P
e
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f
o
r
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o
u
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p
u
t
o
n
t
h
e
e
n
d
o
f
e
a
c
h
g
e
n
e
r
a
t
i
o
n

c

F
o
r
u
s
e
w
i
t
h
S
e
l
e
c
t
o
r

c
=
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c
C
o
m
m
o
n
b
l
o
c
k
d
e
t
a
i
l
s
f
o
r
f
i
t
n
e
s
s
e
v
a
l
u
a
t
i
o
n

c
o
m
m
o
n
/
d
a
t
a
/
k
e
r
n
(
1
0
0
,
2
0
0
)

r
e
a
l

k
e
r
n

c
V
a
r
i
a
b
l
e
s

i
n
t
e
g
e
r

i
,
j
,
n
,
n
p
,
n
d
i
m
,
m
g
,
k
d
i
m
,
n
g
e
n

c
A
r
r
a
y
s

i
n
t
e
g
e
r

p
o
p
(
n
d
i
m
,
n
p
)
,
i
f
i
t
(
n
p
)

r
e
a
l

f
i
t
(
n
p
)
,
b
e
s
t
(
1
0
0
,
1
0
0
)

o
p
e
n
(
4
,
f
i
l
e
=
'
c
o
n
v
e
r
g
e
.
l
o
g
'
)

c
W
r
i
t
e
b
e
s
t
a
n
d
m
e
d
i
a
n
c
h
i
l
d

t
o
s
c
r
e
e
n

c
W
r
i
t
e
b
e
s
t
c
h
i
l
d
t
o
l
o
g
(
f
i
t
n
e
s
s
+
i
d
s
)

i
f
(
m
o
d
(
n
g
e
n
,
1
0
)
.
e
q
.
0
)
t
h
e
n

w
r
i
t
e
(
*
,
*
)
n
g
e
n
,
f
i
t
(
i
f
i
t
(
n
p
)
)
,
f
i
t
(
i
f
i
t
(
n
p
/
2
)
)

d
o
1
i
=
1
,
n

w
r
i
t
e
(
*
,
1
0
0
3
)
p
o
p
(
i
,
i
f
i
t
(
n
p
)
)
,
p
o
p
(
i
,
i
f
i
t
(
n
p
/
2
)
)

1

c
o
n
t
i
n
u
e

e
n
d
i
f

w
r
i
t
e
(
4
,
*
)
f
i
t
(
i
f
i
t
(
n
p
)
)

1
0
0
1
f
o
r
m
a
t
(
/
1
x
,
i
4
,
g
9
.
7
,
5
x
,
g
9
.
7
)

1
0
0
2
f
o
r
m
a
t
(
g
1
0
.
7
)

1
0
0
3
f
o
r
m
a
t
(
6
x
,
i
4
,
1
0
x
,
i
4
)

c
W
r
i
t
e
b
e
s
t
M
a
t
r
i
x
t
o
f
i
l
e
o
n
c
o
m
p
l
e
t
i
o
n
o
f
m
g
g
e
n
e
r
a
t
i
o
n
s

i
f
(
n
g
e
n
.
e
q
.
m
g
)
t
h
e
n

o
p
e
n
(
5
,
f
i
l
e
=
'
b
e
s
t
.
d
a
t
'
)

o
p
e
n
(
6
,
f
i
l
e
=
'
s
e
l
_
o
u
t
.
d
a
t
'
)

r
e
w
i
n
d
(
5
)

r
e
w
i
n
d
(
6
)

d
o
5
i
=
1
,
n

w
r
i
t
e
(
6
,
*
)
p
o
p
(
i
,
i
f
i
t
(
n
p
)
)

d
o
6
j
=
1
,
k
d
i
m

b
e
s
t
(
i
,
j
)
=
k
e
r
n
(
p
o
p
(
i
,
i
f
i
t
(
n
p
)
)
,
j
)

6

c
o
n
t
i
n
u
e

5

c
o
n
t
i
n
u
e

d
o
7
i
=
1
,
n

w
r
i
t
e
(
5
,
*
)
(
b
e
s
t
(
i
,
j
)
,
j
=
1
,
k
d
i
m
)

7

c
o
n
t
i
n
u
e

c
l
o
s
e
(
5
)

c
l
o
s
e
(
6
)

e
n
d
i
f

e
n
d
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C
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F
o
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a
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e
s
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p
o
p
(
n
d
i
m
,
n
p
a
r
)

i
n
t
e
g
e
r

i
p
,
j
,
n
d
i
m
,
o
l
d
p
h
(
n
d
i
m
,
n
p
a
r
)

i
n
t
e
g
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r

i
p
,
j
,
n
d
i
m
,
t
e
m
p
(
1
0
0
)
,
p
_
t
e
m
p
(
1
0
0
)

r
e
a
l

u
r
a
n
d

e
x
t
e
r
n
a
l
u
r
a
n
d

d
o
1
i
p
=
1
,
n
p
a
r

d
o
2
j
=
1
,
n

p
o
p
(
j
,
i
p
)
=
i
n
t
(
m
a
x
l
i
n
e
s
*
u
r
a
n
d
(
)
)
+
1

t
e
m
p
(
j
)
=
p
o
p
(
j
,
i
p
)

2

c
o
n
t
i
n
u
e

C
a
l
l
d
e
c
o
d
e
r
(
m
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i
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,
n
,
t
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,
p
_
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m
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)

d
o
3
j
=
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,
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p
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(
j
,
i
p
)
=
p
_
t
e
m
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(
j
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z
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�
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k
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k
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�
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=
jz
(k
)�
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:
k
�
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+
T
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k
�
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k
)z
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)�
k 2

w
h
er
e
z
(k
)+
,
z
(k
)�
ar
e
u
p
p
er
an
d
lo
w
er
es
ti
m
at
es
of
el
em
en
t
z
(k
),
s(
k
)+
an
d
s(
k
)�
ar
e

th
ei
r
re
sp
ec
ti
ve
ru
n
n
in
g
su
m
s
an
d
th
e
va
lu
e
p
(k
)
d
et
er
m
in
es
th
e
si
gn
of
b(
k
)
(p
(k
)
�
0
se
ts

b(
k
)
=
�
1
an
d
if
p
(k
)
<
0
se
ts
b(
k
)
=
�
1)
.
F
u
rt
h
er
m
or
e
z
(k
)
is
se
t
to
z
(k
)+
if
s(
k
)+
�
s(
k
)�

an
d
to
z
(k
)�
ot
h
er
w
is
e.
R
ep
ea
ti
n
g
fo
r
al
l
k
w
e
ob
ta
in
a
`l
ar
ge
'
es
ti
m
at
e
fo
r
z
.
T
h
e
fu
ll

su
b
ro
u
ti
n
e
is
ca
ll
ed
s
t
r
c
o
.
f

an
d
ca
n
b
e
fo
u
n
d
in
G
ol
u
b
&
V
an
L
oa
n
(1
98
9)
an
d
in
th
e

fo
ll
ow
in
g
se
ct
io
n
.

T
h
e
co
n
d
it
io
n
n
u
m
b
er
es
ti
m
at
e
is
th
en
re
ad
il
y
ac
h
ie
ve
d
b
y
so
lv
in
g
th
e
tr
ia
n
gu
la
r
sy
st
em
s

L
T
x
=
z
(g
iv
in
g
x
),
L
w
=
P
x
(g
iv
in
g
w
;
a
n
ew
in
te
rm
ed
ia
te
ve
ct
or
)
an
d
U
y
=
w
�
n
al
ly

ye
il
d
in
g
y
,
b
y
b
ac
k
-s
u
b
st
it
u
ti
on
(S
n
ed
d
on
19
72
).
T
h
e
es
ti
m
at
e
of
C
K

is
th
en
re
ad
il
y
ob
ta
in
ed

b
y
ca
lc
u
la
ti
n
g
th
e
1
-n
or
m
(p
=
1
)
of
x
an
d
y
an
d
ta
k
in
g
th
ei
r
ra
ti
o.

B
.2

T
h
e
S
E
L
E
C
T
O
R

co
d
e

P
r
o
g
r
a
m
s
e
l
e
c
t
o
r

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c c

G
e
n
e
t
i
c
A
l
g
o
r
i
t
h
m
t
o
s
e
e
k
t
h
e
o
p
t
i
m
a
l
s
u
b
s
e
t
o
f
e
m
i
s
s
i
o
n

c
l
i
n
e
s
f
r
o
m
t
h
e
s
e
t
f
o
r
m
e
d
b
y
t
h
e
s
e
t
o
f
l
i
n
e
s
i
n
t
h
e
S
O
H
O

c
C
D
S
/
S
U
M
E
R
w
a
v
e
l
e
n
g
t
h
r
a
n
g
e
(
1
5
0
-
-
1
6
1
0
A
n
g
s
t
r
o
m
s
)
.

c c

T
h
e
o
p
t
i
m
a
l
s
e
t
i
s
s
e
l
e
c
t
e
d
v
i
a
t
h
e
c
o
n
d
i
t
i
o
n
n
u
m
b
e
r
o
f

c
t
h
e
k
e
r
n
e
l
m
a
t
r
i
x
t
h
a
t
c
o
n
s
t
i
t
u
t
e
s
t
h
e
p
h
e
n
o
t
y
p
e
.
T
o
e
n
s
u
r
e

c
t
h
a
t
t
h
e
`
g
e
n
e
s
'
(
p
a
r
a
m
e
t
e
r
s
;
l
i
n
e
i
n
d
i
c
e
s
)
a
r
e
n
o
t
r
e
p
e
a
t
e
d
i
n

c
t
h
e
g
e
n
t
y
p
e
a
t
a
n
y
s
t
a
g
e
o
f
t
h
e
p
r
o
c
e
s
s
w
e
i
m
p
l
e
m
e
n
t
R
a
n
k
e
d

c
O
r
d
i
n
a
l
R
e
p
r
e
s
e
n
t
a
t
i
o
n
(
R
O
R
;
s
e
e
M
i
c
h
a
l
e
w
i
c
z
1
9
9
4
)
.

c c

T
h
e
c
o
n
d
i
t
i
o
n
n
u
m
b
e
r
c
a
n
b
e
e
s
t
i
m
a
t
e
d
i
n
t
w
o
w
a
y
s
t
h
r
o
u
g
h
t
h
e

c
`
c
a
l
c
'
v
a
r
i
a
b
l
e
i
n
t
h
e
i
n
p
u
t
f
i
l
e
.
I
f
c
a
l
c
e
q
.
1
t
h
e
n
S
E
L
E
C
T
O
R

c
w
i
l
l
p
e
r
f
o
r
m
t
h
e
c
a
l
c
u
l
a
t
i
o
n
u
s
i
n
g
a
f
u
l
l
n
^
{
3
}
S
V
D

c
(
P
r
e
s
s
e
t
a
l
.
1
9
9
2
)
a
n
a
l
y
s
i
s
e
l
s
e
i
t
w
i
l
l
u
s
e
t
h
e
n
^
{
2
}
c
o
n
d
i
t
i
o
n

c
n
u
m
b
e
r
e
s
t
i
m
a
t
e
(
i
n
v
o
l
v
i
n
g
a
n
L
U
d
e
c
o
m
p
o
s
i
t
i
o
n
)
f
r
o
m

c
C
l
i
n
e
e
t
a
l
.
(
1
9
7
9
)
a
n
d
d
i
s
c
u
s
s
e
d
i
n
G
o
l
u
b
&
V
a
n
L
o
a
n
(
1
9
9
0
)
.
T
h
e

c
l
a
t
t
e
r
i
s
a
g
o
o
d
o
r
d
e
r
o
f
m
a
g
n
i
t
u
d
e
e
s
t
i
m
a
t
e
a
n
d
i
s
s
i
g
n
i
f
i
c
a
n
t
l
y

c
f
a
s
t
e
r
.

c c

S
c
o
t
t
W
M
c
I
n
t
o
s
h
(
V
2
.
1
6
D
e
c
1
9
9
7
;
s
c
o
t
t
@
a
s
t
r
o
.
g
l
a
.
a
c
.
u
k
)

c c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

I
m
p
l
i
c
i
t
n
o
n
e

c
C
o
n
s
t
a
n
t
s

i
n
t
e
g
e
r

N
M
A
X
,
P
M
A
X
,
D
M
A
X

p
a
r
a
m
e
t
e
r
(
N
M
A
X
=
5
0
,
P
M
A
X
=
1
0
0
,
D
M
A
X
=
1
0
0
)

c
V
a
r
i
a
b
l
e
s

i
n
t
e
g
e
r

s
e
e
d
,
m
a
x
l
i
n
e
s
,
n
p
a
r
,
n
,
n
c
h
o
i
c
e
,
n
g
e
n
,
i
r
e
p
,
n
e
w

i
n
t
e
g
e
r

i
p
,
i
p
1
,
i
p
2
,
k
d
i
m
,
i
,
n
e
w
t
o
t
,
i
e
l
i
t
e
,
c
a
l
c
,
i
g

2.
1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

m
u
st
th
en
p
ro
v
id
e
a
re
la
ti
on
sh
ip
b
et
w
ee
n
th
e
se
ts
of
ob
se
rv
ab
le
s
(o
ft
en
of
se
co
n
d
ar
y
in
te
re
st
)

an
d
n
on
-o
b
se
rv
ab
le
s
(u
n
k
n
ow
n
s)
of
p
ri
m
ar
y
in
te
re
st
.
T
h
es
e
ar
e
of
te
n
re
la
te
d
in
a
n
on
-t
ri
v
ia
l

w
ay
(i
.e
.
th
ey
ar
e
co
u
p
le
d
).
O
b
v
io
u
sl
y,
w
it
h
ou
t
th
eo
re
ti
ca
l
m
o
d
el
li
n
g
of
su
ch
co
u
p
le
d
sy
st
em
s

it
w
ou
ld
b
e
im
p
os
si
b
le
to
le
ar
n
an
y
th
in
g
at
al
l
ab
ou
t
su
ch
p
h
y
si
ca
l
so
u
rc
es
.
In
m
an
y
ca
se
s

th
is
co
u
p
li
n
g,
or
co
n
vo
lu
ti
on
,
gi
ve
s
ri
se
to
th
e
w
el
l
k
n
ow
n
(e
ve
n
if
n
ot
w
el
l
u
n
d
er
st
o
o
d
)
d
if
-

�
cu
lt
ie
s
w
it
h
so
lv
in
g
in
ve
rs
e
p
ro
b
le
m
s
:
n
am
el
y
il
l-
po
se
d
n
e
ss
an
d
po
o
r
co
n
d
it
io
n
in
g
.
In
d
ee
d
,

su
ch
d
iÆ
cu
lt
ie
s
m
an
if
es
t
th
em
se
lv
es
b
y
cr
ea
ti
n
g
n
on
-u
n
iq
u
en
es
s
an
d
in
st
ab
il
it
y
re
sp
ec
ti
ve
ly

of
th
e
so
lu
ti
on
,
ev
en
fr
om
sm
al
l
p
er
tu
rb
at
io
n
s
in
th
e
ob
se
rv
ed
q
u
an
ti
ti
es
.

T
o
b
e
m
at
h
em
at
ic
al
ly
co
n
ci
se
,
in
ve
rs
e
p
ro
b
le
m
s
ar
e
a
sp
ec
ia
l
cl
as
s
of
fu
n
ct
io
n
al
eq
u
at
io
n
s

en
co
m
p
as
si
n
g
al
l
cl
as
se
s
of
in
te
gr
al
,
d
i�
er
en
ti
al
an
d
m
at
ri
x
eq
u
at
io
n
s.
In
th
is
th
es
is
w
e
w
il
l

on
ly
co
n
si
d
er
in
ve
rs
e
p
ro
b
le
m
s
re
la
ti
n
g
to
th
e
so
lu
ti
on
(w
h
ic
h
w
il
l
b
e,
m
or
e
of
te
n
th
an
n
ot
,

n
u
m
er
ic
al
)
of
in
te
gr
al
eq
u
at
io
n
s;
of
te
n
re
q
u
ir
in
g
sp
ec
i�
c
m
at
h
em
at
ic
al
te
ch
n
iq
u
es
to
ac
h
ie
ve

a
n
u
m
er
ic
al
ly
st
ab
le
so
lu
ti
on
,
i.
e.
co
u
n
te
ra
ct
in
g
th
e
d
iÆ
cu
lt
ie
s
m
en
ti
on
ed
ab
ov
e.
In
ge
n
er
al
,

w
h
en
at
te
m
p
ti
n
g
to
�
n
d
a
st
ab
le
so
lu
ti
on
to
an
in
ve
rs
e
p
ro
b
le
m
w
e
w
il
l
m
ak
e
u
se
of
so
m
e

p
ri
or
p
h
y
si
ca
l
k
n
ow
le
d
ge
or
as
su
m
p
ti
on
s
ab
ou
t
th
e
n
at
u
re
of
th
e
p
ro
b
le
m
.
B
ef
or
e
w
e
co
n
si
d
er

a
sp
ec
i�
c
ex
am
p
le
of
an
in
ve
rs
e
p
ro
b
le
m
in
so
la
r
p
h
y
si
cs
w
e
ex
tr
ac
t
a
li
tt
le
of
th
e
p
re
fa
ce

to
C
ra
ig
&
B
ro
w
n
(1
98
6)
as
a
ve
ry
ap
t
d
es
cr
ip
ti
on
of
in
ve
rs
e
p
ro
b
le
m
s
in
an
as
tr
on
om
ic
al

co
n
te
x
t

\T
h
e
re
m
ot
e
ob
se
rv
er
�
n
d
s
h
im
se
lf
in
a
si
tu
at
io
n
,
ak
in
to
th
at
of
a
sp
ec
ta
to
r
at
a

m
ag
ic
sh
ow
,
w
h
er
e
h
e
is
p
re
se
n
te
d
w
it
h
a
li
m
it
ed
se
t
of
m
or
e
or
le
ss
re
m
ar
ka
b
le
d
at
a

em
an
at
in
g
fr
om
a
so
u
rc
e,
th
e
n
at
u
re
of
w
h
ic
h
h
e
is
fa
sc
in
at
ed
to
d
is
co
ve
r
b
u
t
w
h
ic
h

h
e
is
n
ot
p
er
m
it
te
d
to
h
an
d
le
d
ir
ec
tl
y.
In
th
e
m
ag
ic
sh
ow
,
th
e
b
as
ic
m
ec
h
an
is
m

of

th
e
tr
ic
k
k
n
ow
n
on
ly
to
th
e
m
ag
ic
ia
n
,
is
co
n
vo
lu
te
d
th
ro
u
gh
th
e
u
n
re
ve
al
ed
p
ro
ce
ss

of
h
is
p
re
se
n
ta
ti
on
,
b
ef
or
e
ap
p
ea
ri
n
g
in
st
ro
n
gl
y
m
o
d
i�
ed
fo
rm

to
th
e
sp
ec
ta
to
r.
In

as
tr
on
om
y,
th
e
u
n
k
n
ow
n
b
as
ic
p
h
y
si
cs
of
th
e
ob
se
rv
ed
so
u
rc
e
is
co
n
vo
lu
te
d
th
ro
u
gh
th
e

so
u
rc
e
st
ru
ct
u
re
an
d
em
is
si
on
p
ro
ce
ss
es
(a
ls
o
u
n
k
n
ow
n
)
b
ef
or
e
ar
ri
v
in
g
at
th
e
ob
se
rv
er
's

in
st
ru
m
en
t.
"

A
p
h
y
si
ca
l
ex
am
p
le
of
su
ch
a
p
ro
ce
ss
li
es
in
th
e
p
h
ot
on
sp
ec
tr
u
m
of
a
so
la
r

ar
e.
T
h
e
ob
se
rv
ed

p
h
ot
on
sp
ec
tr
u
m
ca
n
b
e
re
ga
rd
ed
as
a
co
n
vo
lu
te
d
re
p
re
se
n
ta
ti
on
of
th
e
el
ec
tr
on
sp
ec
tr
u
m
.

T
o
ob
ta
in
th
e
en
er
gy
d
is
tr
ib
u
ti
on
of
el
ec
tr
on
s
in
th
e

ar
e,
w
e
u
se
p
h
y
si
ca
l
in
fo
rm
at
io
n
(a
n
d

as
su
m
p
ti
on
s)
ab
ou
t
el
ec
tr
on
co
ll
is
io
n
p
ro
ce
ss
es
(c
ro
ss
-s
ec
ti
on
s,
et
c)
an
d
th
e
el
ec
tr
on
d
is
tr
i-

b
u
ti
on
to
ca
st
th
e
fo
rm
of
th
e
co
n
vo
lu
ti
on
o
pe
ra
to
r
an
d
to
st
ab
il
is
e
th
e
in
ve
rs
io
n
re
sp
ec
ti
ve
ly
.



2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

S
u
ch
in
form
ation
allow
s
u
s
to
\step
b
ack
"
from
th
e
ob
served
p
h
oton
sp
ectru
m
to
th
e
in
ferred

electron
sp
ectru
m
.
T
h
is
a
p
rio
ri
in
form
ation
p
rov
id
es
a
m
ean
s
of
ob
tain
in
g
th
e
m
ost
`reli-

ab
le'
solu
tion
w
h
en
th
e
op
erators
p
resen
t
are
su
ch
as
to
m
ake
th
e
in
ferred
solu
tion
e
x
tre
m
e
ly

sen
sitive
to
errors
in
th
e
ob
served
q
u
an
tities
or
are
very
n
early
sin
g
u
la
r
(i.e.
a
lin
ear
op
erator

S
is
sin
gu
lar
p
recisely
w
h
en
it
h
as
n
o
corresp
on
d
in
g
in
verse
op
erator
S
�
1).

T
h
is
section
p
rov
id
es
th
e
n
ecessary
m
ath
em
atical
fram
ew
ork
n
eed
ed
to
solve
in
verse
p
rob
-

lem
s
n
u
m
erically.
T
h
ere
are
m
an
y
m
ath
em
atical
an
d
n
u
m
erical
tech
n
iq
u
es
to
h
elp
ob
tain
a

sta
b
le
solu
tion
of
in
verse
p
rob
lem
s.
W
e
seek
th
e
on
es
w
h
ich
w
ill
h
elp
u
s
to
\m
ake
th
e
m
ost

of
w
h
at
w
e
h
ave
got",
i.e.
ob
tain
as
m
u
ch
in
form
ation
ab
ou
t
th
e
p
h
y
sical
sou
rce
from
th
e

lim
ited
am
ou
n
t
of
availab
le
ob
served
d
ata.
S
ection
2.1.1
d
etails
th
e
tw
o
d
i�
eren
t
classes
of
in
-

tegral
eq
u
ation
s
an
d
h
ow
th
ey
can
b
e
cast
as
m
atrix
eq
u
ation
s
w
h
ereas
S
ection
2.1.2
d
escrib
es

th
e
e�
ects
of
ill-p
osed
n
ess
an
d
p
o
or
con
d
ition
in
g
of
in
verse
p
rob
lem
s
m
en
tion
ed
earlier.
N
u
-

m
erical
solu
tion
tech
n
iq
u
es
are
d
escrib
ed
in
S
ection
2.1.3,
p
articu
larly
th
e
m
eth
o
d
s
k
n
ow
n

as
S
in
gu
lar
V
alu
e
D
ecom
p
osition
(S
V
D
),
Q
u
ad
ratic
R
egu
larisation
(Q
R
)
an
d
M
ax
im
u
m
E
n
-

trop
y
(M
E
).
T
h
ese
algorith
m
s
an
d
tech
n
iq
u
es
take
great
ad
van
tage,
as
w
e
sh
all
see,
of
th
e

relation
sh
ip
b
etw
een
lin
ea
r
in
verse
p
rob
lem
s
an
d
lin
ear
sy
stem
s
of
eq
u
ation
s
(d
iscu
ssed
at

greater
len
gth
in
C
raig
&
B
row
n
(1986)
an
d
referen
ces
th
erein
)
th
u
s
m
ak
in
g
an
aly
sis
relatively

straigh
tforw
ard
for
su
ch
a
m
ath
em
atical
ab
straction
.

2
.1
.1

M
a
th
e
m
a
tica
l
d
e
�
n
itio
n
s

In
ord
er
to
form
u
late
a
m
ath
em
atical
d
escrip
tion
of
an
in
verse
p
rob
lem
on
e
m
u
st
estab
lish

a
relation
sh
ip
b
etw
een
th
e
ob
servab
le
q
u
an
tities
y
of
a
p
articu
lar
p
rob
lem
,
an
d
th
e
set
of

n
on
-ob
servab
les,
x
.
In
gen
eral
y
an
d
x
are
sy
m
b
ols
th
at
d
escrib
e
a
n
u
m
b
er
of
p
ieces
of

in
form
ation
.
If
w
e
con
sid
er
on
ly
th
e
case
w
h
ere
th
e
n
u
m
b
er
of
ob
servab
le
q
u
an
tities
an
d

u
n
k
n
ow
n
s
are
�
n
ite,
w
e
can
w
rite
y
�
fy
i ;i
=
1;:::;n
g
an
d
x
�
fx
j ;j
=
1;:::;m
g
for

som
e
p
ositive
in
tegers
n
an
d
m
.
H
ow
ever,
it
is
p
ossib
le
th
at
th
e
ob
servab
les
or
th
e
u
n
k
n
ow
n
s

(or
b
oth
)
are
valu
es
of
fu
n
ction
s
of
a
con
tin
u
ou
s
(real)
variab
le
so
th
at
th
ere
is
an
in
�
n
ite

n
u
m
b
er
of
p
ieces
of
in
form
ation
(con
cep
tu
ally,
fu
n
ction
s
of
a
con
tin
u
ou
s
variab
le
m
ay
b
e

con
sid
ered
as
`vectors'
in
an
in
�
n
ite
d
im
en
sion
al
vector
sp
ace).
In
p
ractice,
th
e
ob
servab
les

are
th
e
rem
otely
sen
sed
d
ata
of
th
e
p
rob
lem
.
F
or
ex
am
p
le,
th
e
em
ission
lin
e
in
ten
sities

in
th
e
D
i�
eren
tial
E
m
ission
M
easu
re
p
rob
lem
of
later
ch
ap
ters,
or
th
e
m
easu
red
freq
u
en
cy

sp
littin
gs
in
H
elioseism
ology
d
i�
eren
tial
rotation
in
verse
p
rob
lem
s
(see,
e.g.,
H
an
sen
1994)

an
d
th
e
u
n
k
n
ow
n
s
are
th
e
p
oten
tially
con
tin
u
ou
s
\sou
rce"
fu
n
ction
s.

B
.1.
C
O
N
D
IT
IO
N
N
U
M
B
E
R
E
S
T
IM
A
T
IO
N

ex
p
erien
ce
error
am
p
li�
cation
of
th
e
ord
er,
w
h
en
m
atrix
K

is
p
o
orly
con
d
ition
ed

kÆfk
p

kfk
p

�
kK
k
p
kK
�
1k

p
kÆg
k
p

kg
k
p

(B
.1)

w
h
ere
k
�k
p
is
a
n
orm
(w
ith
p
=
1;2;1
;
see
S
ection
2.1.2).
W
e
also
n
ote
th
at
th
e
con
d
ition

n
u
m
b
er
C
K

of
th
e
sy
stem
is
d
e�
n
ed
as
(cf.
eq
u
ation
(2.19))

C
K

=
kK
k
p
kK
�
1k

p

=
�
m
a
x

�
m
in

(B
.2)

w
ith
th
e
secon
d
eq
u
ality
h
old
in
g
w
h
en
p
=
2
for
�
m
a
x
an
d
�
m
in
,
th
e
m
ax
im
u
m
an
d
m
in
im
u
m

sin
gu
lar
valu
es
of
K

resp
ectively.
H
ow
ever,
th
e
n
u
m
erically
fast
estim
ation
of
C
K

w
ith
ou
t

S
V
D
is
n
ot
straigh
tforw
ard
an
d
h
in
ges
u
p
on
th
e
calcu
lation
of
kK
�
1k
w
ith
o
u
t
com
p
u
tin
g

th
e
in
verse
m
atrix
K
�
1.

S
o,
follow
in
g
th
e
d
iscu
ssion
of
C
lin
e
et
al.
(1979)
w
e
con
sid
er
th
e
L
U
d
ecom
p
ositon
(see,

e.g.,
P
ress
et
al.
1992)
of
a
m
atrix
A

P
A
Q
=
L
U

(B
.3)

w
h
ere
L
,
U
,
P
an
d
Q
are
u
n
it
low
er-trian
gu
lar,
u
p
p
er-trian
gu
lar
an
d
p
ivotin
g
(from
G
au
s-

sian
E
lim
in
ation
w
ith
Q
n
orm
ally
eq
u
al
to
th
e
id
en
tity
m
atrix
,
see
S
n
ed
d
on
1972)
m
atrices

resp
ectively
an
d
w
e
m
u
st
estim
ate
kA
�
1k
b
y
solv
in
g
th
e
h
y
p
oth
etical
lin
ear
sy
stem
A
x
=
b

w
h
ere
w
e
h
ave
com
p
lete
freed
om

to
ch
o
ose
th
e
righ
t-h
an
d
sid
e
b
su
b
ject
to
x
b
ein
g
\b
ig

en
ou
gh
"
th
at

m
ax
kx
k

kb
k
�
�
m
in
=
kU
�
1k

2

(B
.4)

h
old
s.

F
or
sim
p
licity,
in
th
e
co
d
e,
w
e
w
rite
P
A
Q
=
A
an
d
w
e
seek
th
e
ratio
ky
k
1
=kx
k
1

w
h
ere

th
e
vector
y
is
d
e�
n
ed
b
y
:

L
U
y
=
x
;
(L
U
)
T
x
=
b
:

(B
.5)

T
h
e
�
rst
step
is
to
�
n
d
th
e
solu
tion
of
(L
U
)
T
x
=
b
w
h
ich
is
p
erform
ed
in
tw
o
stages
b
y

�
n
d
in
g
th
e
solu
tion
to

U
T
z
=
b
an
d
L
T
x
=
z

(B
.6)

for
w
h
ich
w
e
w
ish
to
m
ax
im
ise
th
e
solu
tion
to
U
T
z
=
b
su
b
ject
to
th
e
con
strain
t
th
at
z
is

\large"
relative
to
b
.
T
h
is
is
d
on
e
b
y
ch
o
osin
g
th
e
k
th

elem
en
t
of
b
to
b
elon
g
to
th
e
set

f�
1;+
1g.
A
lgorith
m
ically,
for
step
k
,
w
e
h
ave
(for
a
n
y
trian
gu
lar
m
atrix
T
-
U
T

in
th
is

case)
:



A
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.
T
H
E
R
A
T
IO
IN
V
E
R
S
IO
N
T
E
C
H
N
IQ
U
E
(R
IT
)
C
O
D
E

c
-
-
-
-
-
-
-
-
-
-
1
.
I
n
i
t
i
a
l
i
s
e
a
n
d
r
e
s
c
a
l
e
v
a
r
i
a
b
l
e
s
:

y
t
o
t
=
0
.
d
0

d
o
2
i
=
1
,
n
d
a
t
a

y
(
i
)
=
x
(
i
)
*
s
c
a
l
e

d
e
r
i
v
(
i
)
=
0
.

y
t
o
t
=
y
t
o
t
+
y
(
i
)

2
c
o
n
t
i
n
u
e

d
o
i
=
1
,
n
r
a
t

t
o
p
(
i
)
=
0
.

b
o
t
(
i
)
=
0
.

s
u
m
n
(
i
)
=
0
.

e
n
d
d
o

y
a
v
=
y
t
o
t
/
n
d
a
t
a

c
-
-
-
-
-
-
-
-
-
-
2
.
C
o
m
p
u
t
e
s
m
o
o
t
h
n
e
s
s
o
f
s
o
l
u
t
i
o
n

s
u
m
=
0
.

h
=
6
.
3
5

t
o
t
d
=
0
.

c
-
-
-
-
-
-
-
-
-
-
2
a
P
a
r
a
b
o
l
a
f
i
t
t
i
n
g

a
1
=
(
y
(
1
)
-
y
(
3
)
)
-
2
*
(
y
(
1
)
-
y
(
2
)
)
/
(
2
*
(
h
*
h
)
)

b
1
=
(
(
y
(
1
)
-
y
(
2
)
)
/
h
)
-
a
1
*
2
*
h

a
2
=
(
y
(
n
d
a
t
a
)
-
y
(
n
d
a
t
a
-
2
)
)
-
2
*
(
y
(
n
d
a
t
a
)
-
y
(
n
d
a
t
a
-
1
)
)
/
(
2
*
(
h
*
h
)
)

b
2
=
(
(
y
(
n
d
a
t
a
)
-
y
(
n
d
a
t
a
-
1
)
)
/
h
)
-
a
2
*
2
*
h

i
f
(
s
m
o
o
t
h
.
e
q
.
0
)
t
h
e
n

d
o
i
=
1
,
n
d
a
t
a

d
e
r
i
v
(
i
)
=
y
(
i
)

e
n
d
d
o

e
n
d
i
f

i
f
(
s
m
o
o
t
h
.
e
q
.
1
)
t
h
e
n

d
o
i
=
1
,
(
n
d
a
t
a
-
3
)

d
e
r
i
v
(
i
)
=
(
(
-
y
(
i
+
3
)
+
4
*
y
(
i
+
1
)
-
3
*
y
(
i
)
)
/
(
2
*
h
)
)

e
n
d
d
o

d
o
i
=
(
n
d
a
t
a
-
2
)
,
(
n
d
a
t
a
-
1
)

d
e
r
i
v
(
i
)
=
(
(
y
(
i
+
1
)
-
y
(
i
)
)
/
(
h
)
)

e
n
d
d
o

d
e
r
i
v
(
n
d
a
t
a
)
=
a
2
*
(
h
)
+
b
2

e
n
d
i
f

i
f
(
s
m
o
o
t
h
.
e
q
.
2
)
t
h
e
n

d
o
i
=
1
,
(
n
d
a
t
a
-
4
)

d
e
r
i
v
(
i
)
=
(
(
-
y
(
i
+
3
)
+
4
*
y
(
i
+
2
)
-
5
*
y
(
i
+
1
)
+
2
*
y
(
i
)
)
/
(
h
*
h
)
)

e
n
d
d
o

d
o
i
=
(
n
d
a
t
a
-
3
)
,
(
n
d
a
t
a
-
2
)

d
e
r
i
v
(
i
)
=
(
(
y
(
i
+
2
)
-
2
*
y
(
i
+
1
)
+
y
(
i
)
)
/
(
h
*
h
)
)

e
n
d
d
o

d
e
r
i
v
(
n
d
a
t
a
-
1
)
=
(
(
y
(
n
d
a
t
a
)
-
2
*
y
(
n
d
a
t
a
-
1
)
+
y
(
n
d
a
t
a
-
2
)
)
/
(
h
*
h
)
)

d
e
r
i
v
(
n
d
a
t
a
)
=
2
*
a
2

e
n
d
i
f

c
-
-
-
-
-
-
-
-
-
-
2
b
.
I
n
t
e
g
r
a
t
e
t
o
o
b
t
a
i
n
m
o
d
u
l
u
s

d
o
i
=
1
,
n
d
a
t
a

t
o
t
d
=
t
o
t
d
+
(
d
e
r
i
v
(
i
)
)
*
*
2

e
n
d
d
o

t
o
t
d
=
s
q
r
t
(
t
o
t
d
)

c
-
-
-
-
-
-
-
-
-
-
2
c
.
M
a
x
E
n
t
s
m
o
o
t
h
i
n
g
f
u
n
c
t
i
o
n
a
l

i
f
(
s
m
o
o
t
h
.
e
q
.
3
)
t
h
e
n

d
o
i
=
1
,
n
d
a
t
a

t
o
t
d
=
t
o
t
d
+
(
y
(
i
)
/
y
a
v
)
*
l
o
g
(
y
(
i
)
/
y
a
v
)

e
n
d
d
o

e
n
d
i
f

c
-
-
-
-
-
-
-
-
-
-
3
.
C
o
m
p
u
t
e
X
(
R
_
{
o
b
s
}
,
R
_
{
c
a
l
c
}
)
=
(
R
_
{
c
a
l
c
}
-
R
_
{
o
b
s
}
)
^
2

2.
1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

fo
rm
in
g
an
n
el
em
en
t
d
at
a
ve
ct
or
g
w
it
h
ea
ch
el
em
en
t
g
(y
i)
gi
ve
n
b
y

g
(y
i)
=

g i
=

n X j=
1

Z x j x
j
�
1

k
(x
;y
i)
f
(x
)d
x
;

(2
.7
)

p
ro
v
id
ed
th
at
x
1
=
a
an
d
x
n
=
b.
If
th
en
w
e
as
su
m
e
th
at
th
e
`m
es
h
'
si
ze
(i
.e
.

jb
�
a
j

n

)
is
�
n
e

en
ou
gh
fo
r
f
(x
)
to
b
e
co
n
st
an
t
`e
n
ou
gh
'
ov
er
th
at
in
te
rv
al
to
b
e
ap
p
ro
x
im
at
ed
b
y
it
s
va
lu
e

at
th
e
m
id
p
oi
n
t,
th
en
w
e
h
av
e

g i
=

0 @n X j=
1

Z x j x
j
�
1

k
(x
;y
i)
d
x

1 A f
(x
j
)
:

(2
.8
)

E
q
u
at
io
n
(2
.8
)
is
an
al
og
ou
s
to
th
e
eq
u
at
io
n
of
a
ve
ct
or
el
em
en
t
g i
gi
ve
n
b
y

g i
=

n X j=
1

K
ij
f j
;

(2
.9
)

w
h
er
e
w
e
h
av
e
eq
u
at
ed

R x j x
j
�
1
k
(x
;y
i)
d
x
an
d
f
(x
j
)
w
it
h
th
e
m
at
ri
x
el
em
en
t
K
ij
an
d
ve
ct
or

el
em
en
t
f j
re
sp
ec
ti
ve
ly
.
S
o,
to
ge
n
er
al
is
e,
fo
r
al
l
d
at
a
el
em
en
ts
g
w
e
h
av
e
th
e
m
at
ri
x
eq
u
at
io
n

g
=

K
f
;

(2
.1
0)

an
d
th
e
so
lu
ti
on
of
F
re
d
h
ol
m

in
te
gr
al
eq
u
at
io
n
s
of
th
e
�
rs
t
ty
p
e
re
d
u
ce
s
to
so
lv
in
g
li
n
ea
r

m
at
ri
x
eq
u
at
io
n
s
li
ke
th
os
e
m
en
ti
on
ed
im
m
ed
ia
te
ly
ab
ov
e.

W
h
en
th
e
p
h
y
si
ca
l
m
o
d
el
re
q
u
ir
es
th
at
th
e
so
u
rc
e
fu
n
ct
io
n
is
th
e
so
lu
ti
on
of
a
F
re
d
h
ol
m

eq
u
at
io
n
of
th
e
se
co
n
d
k
in
d
(s
ee
,
e.
g.
,
eq
u
at
io
n
(2
.6
))
th
e
in
te
gr
al
fo
rm
d
is
cr
et
is
es
to
a
fo
rm

si
m
il
ar
to
th
e
cl
as
si
ca
l
ei
ge
n
va
lu
e
p
ro
b
le
m

g
=

(I
�
�
K
)
f
;

(2
.1
1)

w
h
er
e
I
is
th
e
id
en
ti
ty
m
at
ri
x
of
d
im
en
si
on
n
�
n
.
H
ow
ev
er
so
lu
ti
on
of
th
e
d
is
cr
et
e
fo
rm
of

eq
u
at
io
n
(2
.6
)
is
n
ot
tr
iv
ia
l
(B
er
te
ro
19
97
)
an
d
si
n
ce
su
ch
a
tr
ea
tm
en
t
is
ou
tw
it
h
th
e
sc
op
e

of
th
is
w
or
k
w
il
l
b
e
co
n
si
d
er
ed
n
o
fu
rt
h
er
.

T
o
d
ig
re
ss
a
li
tt
le
at
th
is
p
oi
n
t,
a
S
in
gu
la
r
V
al
u
e
D
ec
om
p
os
it
io
n
(S
V
D
;
se
e
S
ec
ti
on
4.
3.
2
of

C
ra
ig
&
B
ro
w
n
19
86
)
of
th
e
m
at
ri
x
K
in
eq
u
at
io
n
(2
.1
0)
ca
n
y
ie
ld
ve
ry
im
p
or
ta
n
t
p
ro
p
er
ti
es

of
th
e
in
ve
rs
e
p
ro
b
le
m
as
w
el
l
as
al
lo
w
in
g
th
e
ex
te
n
si
on
of
in
ve
rs
e
m
et
h
o
d
ol
og
y
fr
om
sq
u
ar
e
to

n
on
-s
q
u
ar
e
m
at
ri
x
eq
u
at
io
n
s.
G
iv
en
th
at
K
is
a
m
�
n
m
at
ri
x
(m
;
n
in
te
ge
rs
n
ot
n
ec
es
sa
ri
ly

th
e
sa
m
e)
,
on
p
er
fo
rm
in
g
th
e
S
V
D
w
e
ob
ta
in

K

=

U
�
V
T
;

(2
.1
2)

w
h
er
e
th
e
m
at
ri
ce
s
U
(m
�
n
),
V
(n
�
m
)
an
d
�
(m
�
m
)
ar
e
or
th
og
on
al
.
T
h
e
co
lu
m
n
s
of
U
,

an
d
V
ar
e
th
e
si
n
g
u
la
r
v
ec
to
rs
u
,
an
d
v
,
re
sp
ec
ti
ve
ly
an
d
�
is
a
d
ia
go
n
al
m
at
ri
x
co
n
ta
in
in
g
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E
P
R
O
B
L
E
M
S

th
e
sin
g
u
la
r
v
a
lu
e
s
(�
1 ;:::;�
n
).
In
sh
ort,
th
e
sin
gu
lar
vectors
of
K

are
th
e
n
on
-zero
vectors

satisfy
in
g
b
oth

K
v
i

=

�
i
u
i
an
d

(2.13)

K
T
u
i

=

�
i
v
i

(2.14)

w
ith
K

K
T

u
i
=
�
2i
u
i
an
d
K
T

K

v
i
=
�
2i
v
i
also
h
old
in
g
su
ch
th
at
th
e
vectors
u
i
an
d
v
i

are
th
e
eigen
vectors
of
sy
m
m
etric
m
atrices
K
K
T
an
d
K
T
K
resp
ectively
w
ith
corresp
on
d
in
g

eigen
valu
e
�
2i .
T
h
ese
left
(u
i )
an
d
righ
t
(v
i )
sin
gu
lar
vectors
form

orth
on
orm
al
b
ases
for

K
,
i.e.
th
e
orth
ogon
al
m
atrices
U
an
d
V
in
eq
u
ation
(2.12).
T
h
is
relation
sh
ip
allow
s
u
s
to

d
iagn
ose
h
ow
p
o
orly
con
d
ition
ed
th
e
in
verse
p
rob
lem
is,
as
d
iscu
ssed
in
th
e
n
ex
t
section
.

2
.1
.1
.2

A
n
e
x
a
m
p
le
o
f
a
F
re
d
h
o
lm

e
q
u
a
tio
n
:
T
h
e
D
i�
e
re
n
tia
l
E
m
issio
n
M
e
a
su
re

p
ro
b
le
m

T
h
is
th
esis
con
tain
s
a
d
etailed
d
iscu
ssion
of
on
e
p
articu
lar
in
verse
p
rob
lem
th
at
takes
th
e

form
of
a
F
red
h
olm
eq
u
ation
of
th
e
�
rst
k
in
d
.
T
h
e
aim
of
th
is
th
esis
is
to
`reliab
ly
'
in
fer
th
e

solar
p
lasm
a
sou
rce
d
istrib
u
tion
in
term
s
of
a
D
i�
eren
tial
E
m
ission
M
easu
re
(D
E
M
)
fu
n
ction

from
rem
otely
sen
sed
lin
e
in
ten
sities
from
U
ltrav
iolet
(U
V
)
an
d
ex
trem
e-U
ltrav
iolet
(E
U
V
)

em
ission
lin
e
sp
ectra
(see
S
ection
2.2.1.1).
F
rom
eq
u
ation
(2.73)
w
e
see
th
at
th
e
in
tegrated

lin
e
in
ten
sity
of
an
em
ission
lin
e,
w
ith
id
en
ti�
er
i,
as
a
fu
n
ction
of
electron
tem
p
eratu
re
(T
e )

is

I
i
= Z

T
e

K
i (T
e )�(T
e )
d
T
e
;

(2.15)

w
h
ere
K
i (T
e )
is
th
e
em
issiv
ity
of
th
e
lin
e
an
d
�(T
e )
is
th
e
tem
p
eratu
re
D
E
M

fu
n
ction
.

T
o
p
erform
th
e
in
version
,
an
d
in
fer
�(T
e ),
w
e
h
ave
to
ob
serve
a
set
of
n
(n
>
1)
em
ission

lin
es
so
th
at
eq
u
ation
(2.15)
takes
on
th
e
m
atrix
form
of
eq
u
ation
(2:10)
b
y
u
sin
g
each
I
i
an
d

K
i (T
e )
as
th
e
i th
elem
en
t
of
g
an
d
row
of
K

resp
ectively.
T
h
e
resu
ltin
g
kern
el
m
atrices
are

h
igh
ly
sin
gu
lar
b
u
t
w
e
leave
d
iscu
ssion
of
th
eir
sin
gu
larity
to
C
h
ap
ter
5.
T
h
e
D
E
M

in
verse

p
rob
lem
is
a
v
e
ry
real
case
of
an
ill-p
osed
in
verse
p
rob
lem
;
it
is
com
m
on
to
see
d
i�
eren
t
au
th
ors

u
sin
g
th
e
sam
e
d
ata,
b
u
t
p
ro
d
u
cin
g
very
d
i�
eren
t
in
ferred
em
ittin
g
p
lasm
a
stru
ctu
res,
see,

e.g.,
S
ection
4.4
an
d
K
ash
yap
&
D
rake
(1998).

2
.1
.1
.3

V
o
lte
rra
in
te
g
ra
l
e
q
u
a
tio
n
s

T
h
e
class
of
in
tegral
eq
u
ation
s
k
n
ow
n
as
V
olterra
eq
u
ation
s
m
ay
b
e
regard
ed
as
a
sp
ecial

case,
or
su
b
-class,
of
F
red
h
olm
eq
u
ation
s
w
h
en
th
e
kern
els
ex
h
ib
it
a
\cu
t-o�
"
or
w
h
en
th
e

A
.2.
T
H
E
R
A
T
IO
IN
V
E
R
S
IO
N
T
E
C
H
N
IQ
U
E
(R
IT
)
C
O
D
E

r
e
a
l

x
(
n
)

c
o
m
m
o
n
/
d
a
t
a
/
r
,
k
,
r
l
,
s
i
g
t
h
,
s
i
g
d

c
o
m
m
o
n
/
m
i
s
c
/
l
a
m
,
s
c
a
l
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at
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2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

A
s
a
tem
p
orary
d
igression
an
d
for
fu
tu
re
referen
ce,
it
is
u
sefu
l
h
ere
to
d
e�
n
e
th
e
gen
eral

p
rop
erties
of
n
o
rm
s
(or
m
etrics)
on
vector
sp
aces
:
A
n
orm
k:k
V

on
a
vector
sp
ace
V
is
an
y

fu
n
ction
f
(f
:
V
7!
R
,
th
e
sp
ace
of
real
n
u
m
b
ers)
th
at
satis�
es
th
e
follow
in
g
th
ree
p
rop
erties

1.
k
x
k
�
0,
an
d
kx
k
=
0
if
an
d
on
ly
if
x
�
0

2.
k�
x
k
=
j�
j
kx
k
for
an
y
real
n
u
m
b
er
�

3.
k
x
+
y
k
�
k
x
k
+
k
y
k

for
an
y
vectors
x
an
d
y
in
th
e
sp
ace
V
.
C
on
sid
er
also
th
e
n
orm
of
a
m
atrix
M
m
�
n
in
th
e

sp
ace
M

of
real
m
�
n
m
atrices
given
b
y
kM
k
i
w
h
ere
i
is
th
e
ord
er
of
th
e
n
orm
.
T
h
e
m
ost

com
m
on
ly
u
sed
n
orm
s
are
th
e
E
u
clid
ean
d
istan
ce
or
2-n
orm

kM
k
2
=
�
m
a
x
;

(2.19)

w
h
ere
�
m
a
x
is
th
e
m
ax
im
u
m
sin
gu
lar
valu
e
of
K
d
e�
n
ed
p
rev
iou
sly
(see
also
S
ection
2.1.3.2).

S
im
ilarly,
th
e
1
-n
orm
or
th
e
`In
�
n
ity
'
m
etric
as
it
is
also
k
n
ow
n
,
is
given
b
y

kM
k
1

=
fm
ax

i

n
Xj=

1
jM
ij jg

(2.20)

an
d
is
th
e
su
m
of
th
e
elem
en
ts
in
th
e
m
ax
im
u
m
row
of
M
.

A
s
stated
ab
ove,
th
e
essen
ce
of
an
ill-p
osed
p
rob
lem
is
th
e
in
stab
ility
in
tro
d
u
ced
in
th
e

recovered
solu
tion
;
con
sid
er
th
e
F
red
h
olm
in
tegral
eq
u
ation
of
th
e
�
rst
k
in
d
given
b
y

Z
1

0

k
(x
;y
)
f
(x
)
d
x
=
g
(y
)
;

(2.21)

w
h
ich
h
as
th
e
reg
u
la
rised
(see
S
ection
2.1.3.1)
solu
tion
vector,
^f,
d
iscretised
over
a
�
x
ed
m
esh
.

N
aively,
th
e
p
rob
lem
ap
p
ears
to
b
e
com
p
letely
solved
,
b
u
t
seld
om
is
th
is
th
e
case.
T
h
e
cau
se

of
th
e
n
on
-u
n
iq
u
en
ess
in
th
e
solu
tion
is
th
at
fu
n
ction
s
in
th
e
op
erator
n
u
ll-spa
ce
are
b
ein
g

lin
early
su
p
erim
p
osed
on
to
th
e
actu
al
solu
tion
.
In
th
e
n
otation
of
th
e
p
rev
iou
s
section
w
e

h
ave
th
e
situ
ation
th
at,
for
an
y
n
on
-zero
vector
x
in
S
th
ere
ex
ist,
in
th
e
d
ata
sp
ace
D
,

vectors
g
(y
)
=
K
(x
)
th
at
satisfy
k
g
(y
)k
D

=
0.
In
term
s
of
eq
u
ation
(2.21)
w
e
h
ave
fu
n
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ra
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at
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k D
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p
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h
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h
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b
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el.
T
h
is
sh
ow
s

th
at
a
n
y
F
ou
rier
am
p
litu
d
e
a
m

p
resen
t
in
f
(y
)
is
sm
o
oth
ed
ou
t
b
y
th
e
action
of
th
e
kern
el,
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m
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d
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ro
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at
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ra
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.
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=
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R
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i
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i
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im
is
e
th
e

m
o
d
u
lu
s
of
st
e
p
-w
is
e
d
i�
e
re
n
ce
v
ec
to
r
ov
er
i
=
1;
::
:;
N

(N
is
ty
p
ic
al
ly
a
la
rg
e
n
u
m
b
er
)

r i
=
g
�
K
x
i

(2
.3
8)

w
h
er
e
x
i
is
th
e
so
lu
ti
on
at
st
ep
i
an
d
is
gi
ve
n
b
y

x
i
=
x
i�
1
+
K
0
K
T
r i
�
1
:

(2
.3
9)

S
o,
to
h
el
p
u
n
d
er
st
an
d
th
e
re
gu
la
ri
sa
ti
on
p
ro
ce
ss
w
e
lo
ok
sy
m
bo
li
ca
ll
y
at
eq
u
at
io
n
(2
.3
7)
an
d

u
se
th
e
T
ic
h
on
ov
fo
rm
al
is
m
.
T
h
er
ef
or
e,
b
y
se
tt
in
g
H
=
I n
w
h
er
e
I n
is
th
e
id
en
ti
ty
m
at
ri
x
of

or
d
er
n
in
eq
u
at
io
n
(2
.3
7)
w
e
h
av
e

^ f
=

K
T
g

(K
T

K

+

�
I)

:

(2
.4
0)

O
n
ex
p
an
d
in
g
fo
r
^ f
in
te
rm
s
of
th
e
ei
ge
n
ve
ct
or
s
of
K
T
K
(t
h
e
si
n
gu
la
r
ve
ct
or
s
v
j
fr
om
ab
ov
e)
,

w
e
h
av
e

^ f
=

1 X j=
0

 
� j

�2 j
+
�

g
j

! v
j
:

(2
.4
1)

F
ro
m
th
is
re
la
ti
on
sh
ip
it
is
cl
ea
r
th
at
sm
al
l
ei
ge
n
va
lu
es
(�
2 j
<
�
)
ar
e
`r
ep
la
ce
d
'
b
y
�
in
th
e

ca
lc
u
la
ti
on
an
d
th
ei
r
os
ci
ll
at
or
y
co
u
n
te
rp
ar
ts
ar
e
se
en
to
b
e
`�
lt
er
ed
ou
t'
si
n
ce
th
e
b
ra
ck
et
ed

te
rm
is
�
1.

In
sh
or
t
w
e
ca
n
v
ie
w
th
e
re
gu
la
ri
sa
ti
on
p
ro
ce
ss
fo
r
so
lu
ti
on
sp
ac
e,
S
,
an
d
th
e
re
gu
la
ri
se
d

so
lu
ti
on
^ f
as
ac
ti
ve
ly

1.
re
st
ri
ct
in
g
^ f
to
li
e
in
a
re
gi
on
of
S
on
ly
av
ai
la
b
le
to
sm
o
ot
h
fu
n
ct
io
n
s
of
a
p
ar
ti
cu
la
r
n
at
u
re
,

tr
ad
it
io
n
al
ly
a
p
ol
y
n
om
ia
l
of
lo
w
or
d
er
n
or
to
a
lo
w
or
d
er
si
n
gu
la
r
fu
n
ct
io
n
ex
p
an
si
on

(s
ee
b
el
ow
).

2.
M
in
im
is
in
g
th
e
d
im
en
si
on
of
th
e
n
u
ll
-s
p
ac
e
of
th
e
p
ro
b
le
m
b
y
re
m
ov
in
g
th
e
d
ep
en
d
en
ce

on
n
ea
r-
ze
ro
ei
ge
n
va
lu
es
w
h
ic
h
in
tu
rn
w
il
l,

3.
�
lt
er
ou
t
th
e
h
ig
h
fr
eq
u
en
cy
co
m
p
on
en
ts
in
^ f
.

2
.1
.3
.2

S
in
g
u
la
r
V
a
lu
e
D
e
c
o
m
p
o
si
ti
o
n

W
h
en
w
e
h
av
e
to
co
n
si
d
er
sy
st
em
s
of
eq
u
at
io
n
s
w
it
h
si
n
gu
la
r,
or
n
u
m
er
ic
al
ly
cl
os
e
to
si
n
gu
la
r,

m
at
ri
ce
s
w
e
h
av
e
a
ve
ry
p
ow
er
fu
l
al
ly
in
S
in
gu
la
r
V
al
u
e
D
ec
om
p
os
it
io
n
(S
V
D
).
T
h
is
fo
rm



2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

of
d
ecom
p
osition
can
a
lw
a
y
s
b
e
p
erform
ed
irresp
ective
of
h
ow
sin
gu
lar
th
e
m
atrix
is,
an
d
is

alm
ost
u
n
iq
u
e
(C
raig
&
B
row
n
1986).
T
h
e
S
V
D
tech
n
iq
u
e
is
u
sed
ex
ten
sively,
an
d
h
as
b
een

essen
tially
b
een
op
tim
ised
in
th
e
�
eld
of
H
elioseism
ology
(see,
e.g.,
C
h
risten
sen
-D
alsgaard

et
al.
1993,
S
ch
ou
et
al.
1994,
H
an
sen
1994
an
d
B
asu
et
al.
1997).

F
rom
S
ection
2.1.2,
w
e
h
ave
seen
th
at
an
y
m
atrix
,
M
,
can
b
e
d
ecom
p
osed
in
to
a
m
u
lti-

p
lication
of
tw
o
orth
ogon
al
m
atrices
(U
an
d
V
)
an
d
th
e
d
iagon
al
m
atrix
(�
)
w
h
ich
con
tain
s

th
e
sin
gu
lar
valu
es
of
M
.
A
gain
,
th
e
S
V
D
of
M

is

M

=

U
�
V
T
;

(2.42)

an
d
th
at
of
M
�
1
is
given
b
y

M
�
1

=

V
�
�
1
U
T

=

V
[d
iag(
1�

1
;:::;
1�

n
)]
U
T

(2.43)

w
h
ere
w
e
rem
em
b
er
th
at
U
U
T

=
V
T

V
=
I
an
d
for
a
d
iagon
al
m
atrix
th
e
elem
en
ts
of
its

in
verse
assu
m
e
th
eir
recip
ro
cal
valu
es.

A
s
ju
sti�
cation
of
th
e
ab
ove
statem
en
t
on
u
n
iq
u
en
ess
con
sid
er
th
e
d
iscretised
in
verse

p
rob
lem
of
eq
u
ation
(2.10)
w
h
ich
w
ill
p
ossess
a
n
u
ll-sp
ace
(as
d
escrib
ed
ab
ove).
T
h
e
n
on
-

u
n
iq
u
en
ess
of
th
e
solu
tion
w
ill
d
ep
en
d
critically
on
th
e
n
u
m
b
er
of
zero
(or
zero
to
w
ith
in

n
u
m
erical
accu
racy
)
sin
gu
lar
valu
es,
w
ith
each
on
e
ad
d
in
g
an
ex
tra
d
im
en
sion
to
th
e
n
u
ll-

sp
ace
(i.e.
each
con
trib
u
tin
g
an
oth
er
lin
early
in
d
ep
en
d
en
t
vector
f
o
satisfy
in
g
K
f
o
=
0
),
th
e

d
im
en
sion
of
th
e
n
u
ll-sp
ace
is
term
ed
th
e
n
u
llity
5
of
K
.
A
lth
ou
gh
th
is
sou
n
d
s
com
p
licated
,

con
sid
er
th
at
th
e
solu
tion
sp
ace
h
as
d
im
en
sion
N

(th
e
d
im
en
sion
of
f)
an
d
th
e
ra
n
k
of
K

(th
e
d
im
en
sion
of
th
e
su
b
-sp
ace
of
g
w
h
ich
is
reach
ed
b
y
th
e
m
ap
p
in
g
of
f
b
y
K
)
are
sim
p
ly

related
b
y
th
e
ra
n
k
a
n
d
n
u
llity
th
eo
re
m

w
h
ich
states
th
at
\ran
k
p
lu
s
n
u
llity
eq
u
als
N
".

It
is
sim
p
le
to
d
evelop
an
ex
p
ression
for
th
e
solu
tion
of
eq
u
ation
(2.10),
^f,
in
term
s
of
th
e

sin
gu
lar
valu
es,
�
i ,
an
d
sin
gu
lar
fu
n
ction
s
u
i
;v
i
of
th
e
kern
el
m
atrix
K
from
th
e
relation
sh
ip
s

ab
ove.
In
an
y
S
V
D
recon
stru
ction
w
e
h
ave
to
tru
n
ca
te
th
e
sin
gu
lar
valu
es
at
som
e
m
in
im
u
m

`cu
t-o�
'
valu
e
w
h
ich
rou
gh
ly
corresp
on
d
s
to
th
e
ch
oice
of
�
ab
ove.
T
y
p
ically
th
is
cu
t-o�
is

ch
osen
to
red
u
ce
th
e
e�
ect
of
sm
all
(n
u
m
erically
very
sm
all
or
ju
st
sm
all
w
ith
resp
ect
to
th
e

n
oise
level)
or
zero
sin
gu
lar
valu
es.
S
o
w
e
ch
o
ose
th
e
cu
t-o�
for
p
w
h
ere
�
p
+
1
is
less
th
an

th
e
larger
of
th
e
p
recision
of
th
e
com
p
u
ter
p
erform
in
g
th
e
calcu
lation
,
or
th
e
d
ata
n
oise
level

(Æg
).
W
e
th
en
ob
tain
th
e
ex
p
ression
for
fp ,
given
b
y

fp
=

p
Xj=

1
g
j

�
j
v
j

(2.44)

5in
d
eed
,
if
K

is
n
o
n
-sin
g
u
la
r,
w
e
ca
n
a
ssu
m
e
th
a
t
sin
ce
th
e
n
u
llity
is
zero
o
u
r
so
lu
tio
n
is
u
n
iq
u
e

6.1.
F
U
T
U
R
E
W
O
R
K

F
igu
re
6.1:
S
U
M
E
R
tim
e-series
sp
ectra
for
lin
es
of
C
III
(1175
�A
;
u
p
p
er
p
lots)
an
d
O
V
I

(1037
�A
;
low
er
p
lots)
ob
tain
ed
on
O
ctob
er
11
th
1996.
T
h
e
in
ten
sity
(left)
an
d
velo
city
(righ
t)

as
fu
n
ction
s
of
p
osition
alon
g
th
e
sp
ectrom
eter
slit
an
d
tim
e.
B
ecau
se
th
ese
lin
es
are
form
ed

at
sligh
tly
d
i�
eren
t
tem
p
eratu
res,
9
�
10
4
K
an
d
4
�
10
5
K
resp
ectively,
th
e
d
i�
eren
t
b
eh
av
iou
r

in
b
oth
sp
atial
an
d
tem
p
oral
d
om
ain
s
of
th
e
solar
atm
osp
h
ere
is
clear
over
th
e
th
ree
th
ou
san
d

secon
d
s
of
ob
serv
in
g
tim
e.
T
h
is
�
gu
re
ap
p
ears
cou
rtesy
of
D
r.
V
.
H
an
steen
.



6.
1.
F
U
T
U
R
E
W
O
R
K

u
se
d
in
S
ec
ti
on
4.
1.
3.
T
h
e
op
er
at
io
n
of
th
e
R
IT
in
re
co
ve
ri
n
g
th
e
fu
n
ct
io
n
al
fo
rm
of
�
(n
e
;T
e
)

w
il
l
b
e
li
m
it
ed
b
y
tw
o
fa
ct
or
s,
th
ey
ar
e:

1.
T
h
e
in
ve
rs
io
n
m
es
h
w
il
l
b
e
li
m
it
ed
in
d
im
en
si
on
b
ec
au
se
w
h
en
th
e
p
ar
am
et
er
st
ri
n
g
u
se
d

to
d
es
cr
ib
e
th
e
so
lu
ti
on
(3
0
�
30
=
90
0
el
em
en
ts
fo
r
a
30
b
y
30
m
es
h
)
is
fa
r
to
o
lo
n
g
fo
r

an
al
y
si
s
as
a
ge
n
e
st
ri
n
g
or
ge
n
ot
y
p
e.
T
h
is
w
il
l
ce
rt
ai
n
ly
re
q
u
ir
e
gr
ea
tl
y
en
h
an
ce
d
ge
n
et
ic

op
er
at
or
s
(s
ee
th
e
d
is
cu
ss
io
n
of
S
ec
ti
on
3.
4)
to
p
ro
ce
ed
.

2.
T
h
e
u
se
of
th
is
m
es
h
it
se
lf
p
os
es
an
ot
h
er
p
ro
b
le
m
w
h
ic
h
m
ay
in
d
ee
d
re
d
u
ce
th
e
p
re
ss
u
re

on
p
oi
n
t
1.
T
h
e
n
u
m
b
er
of
p
ar
am
et
er
s
in
th
e
ca
lc
u
la
ti
on
ca
n
b
e
li
m
it
ed
b
y
ch
o
os
in
g
a

b
iv
ar
ia
te
fu
n
ct
io
n
al
fo
rm
fo
r
�
(n
e
;T
e
)
w
h
ic
h
w
il
l
al
lo
w
u
s
to
fo
rm
a
se
ri
es
ex
p
an
si
on
w
it
h

th
e
p
ar
am
et
er
s
in
th
is
ca
se
b
ei
n
g
th
e
ex
p
an
si
on
co
eÆ
ci
en
ts
.
H
ow
ev
er
,
th
e
id
en
ti
�
ca
ti
on

of
su
ch
a
fu
n
ct
io
n
al
b
as
is
is
n
ot
ea
sy
.

T
h
e
d
is
cr
et
is
at
io
n
of
th
e
�
(n
e
;T
e
)
in
ve
rs
e
p
ro
b
le
m
is
d
iÆ
cu
lt
fo
r
S
E
L
E
C
T
O
R
to
h
an
d
le
si
n
ce

w
e
ar
e
st
il
l
on
ly
ch
o
os
in
g
th
e
op
ti
m
al
se
t
of
em
is
si
on
li
n
es
fr
om
th
e
co
n
d
it
io
n
n
u
m
b
er
of
th
e

re
su
lt
in
g
ke
rn
el
m
at
ri
x
(i
.e
.
d
o
es
it
tr
an
sl
at
e
li
n
ea
rl
y
fr
om
th
e
m
�
n
ca
se
to
th
e
m
�
n
�
k
ca
se

ev
en
th
ou
gh
u
se
d
in
J
u
d
ge
et
al
.
19
97
?)
.
T
h
e
m
ai
n
d
iÆ
cu
lt
y
in
th
is
ca
se
is
ac
tu
al
ly
as
se
ss
in
g

th
e
va
li
d
it
y
of
th
e
co
n
d
it
io
n
n
u
m
b
er
es
ti
m
at
e
u
se
d
.
H
ow
ev
er
,
ex
p
an
si
on
of
S
E
L
E
C
T
O
R
fo
r

th
e
b
iv
ar
ia
te
in
ve
rs
e
p
ro
b
le
m
m
ay
h
el
p
p
ro
v
id
e
th
e
n
ec
es
sa
ry
p
h
y
si
ca
l
li
n
k
b
et
w
ee
n
li
n
es
th
at

ar
e
\g
o
o
d
"
in
th
e
te
m
p
er
at
u
re
(�
(T
e
))
ca
se
b
u
t
d
o
n
ot
fe
at
u
re
go
o
d
d
en
si
ty
(�
(n
e
))
se
n
si
ti
v
it
y

or
v
ic
e
ve
rs
a.

A
ls
o
gr
ea
t
at
te
n
ti
on
m
u
st
b
e
p
ai
d
to
th
e
sm
o
ot
h
in
g
fu
n
ct
io
n
al
u
se
d
fo
r
th
e
R
IT
so
lu
ti
on

of
th
e
u
n
iv
ar
ia
te
D
E
M

in
ve
rs
e
p
ro
b
le
m
s.
Im
p
le
m
en
ta
ti
on
of
th
e
`d
at
a
ad
ap
ti
ve
sm
o
ot
h
in
g'

ap
p
ro
ac
h
of
T
h
om
p
so
n
(1
99
0,
19
91
)
is
an
ot
h
er
p
os
si
b
le
ad
va
n
ce
fo
r
th
e
R
IT
.
A
w
or
k
in
g

k
n
ow
le
d
ge
of
th
e
sm
o
ot
h
in
g
fu
n
ct
io
n
al
is
cr
it
ic
al
to
u
n
d
er
st
an
d
th
e
am
ou
n
t
of
er
ro
n
eo
u
s

va
ri
at
io
n
p
re
se
n
t
in
an
y
p
os
si
b
le
so
lu
ti
on
.
In
ot
h
er
w
or
d
s,
w
e
w
an
t
to
b
e
ab
le
to
d
et
er
m
in
e

re
gi
on
s
in
th
e
T
e
an
d
n
e
d
om
ai
n
s
w
h
er
e
th
e
sm
o
ot
h
in
g
fu
n
ct
io
n
al
is
`i
n
co
n
tr
ol
'
an
d
to
m
ak
e

su
re
th
at
an
y
os
ci
ll
at
or
y
va
ri
at
io
n
in
th
e
re
co
ve
re
d
so
lu
ti
on
is
n
ot
an
ar
te
fa
ct
of
th
e
in
ve
rs
io
n

p
ro
ce
ss
it
se
lf
.
T
h
is
is
a
tr
u
ly
d
iÆ
cu
lt
ta
sk
as
th
e
re
ad
er
,
b
y
n
ow
,
w
il
l
ap
p
re
ci
at
e.
W
e,

h
ow
ev
er
,
b
el
ie
ve
th
at
it
is
p
os
si
b
le
to
co
u
p
le
th
e
an
al
y
si
s
of
th
e
R
IT
w
it
h
er
ro
r
b
ar
s
th
at
n
ot

on
ly
re

ec
t
p
os
si
b
le
er
ro
rs
in
th
e
li
n
e
em
is
si
v
it
ie
s
b
u
t
th
e
em
is
si
v
it
y
`c
ov
er
ag
e'
(a
t
al
l
p
oi
n
ts

in
th
e
d
om
ai
n
).
A
si
m
il
ar
an
al
y
si
s
h
as
b
ee
n
p
er
fo
rm
ed
in
C
h
ap
te
r
5
an
d
m
ay
le
ad
th
e
w
ay
to

ob
ta
in
in
g
a
cl
ea
r
re
su
lt
on
th
is
fr
on
t.
T
h
is
sh
ou
ld
h
el
p
u
s
to
d
ec
id
e
w
h
et
h
er
or
n
ot
p
os
si
b
le

va
ri
at
io
n
s
in
th
e
re
co
ve
re
d
D
E
M

fu
n
ct
io
n
s
ar
e
b
el
ow
th
e
n
u
m
er
ic
al
an
d
co
ve
ra
ge
re
so
lu
ti
on

2.
1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

F
ig
u
re
2.
4:
T
h
e
su
rf
ac
e
re
p
re
se
n
ta
ti
on
of
th
e
ke
rn
el
m
at
ri
x
(t
op
)
of
eq
u
at
io
n
(2
.4
9)
an
d
th
e

d
is
tr
ib
u
ti
on
in
si
ze
of
it
s
si
n
gu
la
r
va
lu
es
(b
ot
to
m
).



2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

F
igu
re
2.5:
R
esu
lts
of
th
e
variou
s
in
version
tech
n
iq
u
es
(d
etails
in
th
e
�
gu
re
legen
d
)
d
iscu
ssed

in
th
is
ch
ap
ter
op
eratin
g
on
th
e
an
aly
tical
in
verse
p
rob
lem

p
resen
ted
in
R
u
st
&

B
u
rru
s

(1972).
S
u
b
tle
d
i�
eren
ces
are
v
isib
le
for
each
version
of
th
e
solu
tion
an
d
th
ese
d
i�
eren
ce
are

ch
aracteristics
of
th
ose
p
articu
lar
rou
tin
es.

6.1.
F
U
T
U
R
E
W
O
R
K

th
at
a
ll
w
e
can
ach
ieve
w
ith
an
y
d
egree
of
certain
ty
is
to
p
u
t
a
vagu
e
b
ou
n
d
ary
in
th
e
region

of
th
e
D
E
M
solu
tion
sp
aces
w
h
ere
w
e
w
ou
ld
ex
p
ect
p
ossib
le
D
E
M
fu
n
ction
s
for
variou
s
solar

region
s
(active
an
d
q
u
iet)
to
lie.

C
h
ap
ter
5
sees
a
sligh
t
ch
an
ge
of
tack
.
W
e
in
vestigated
a
q
u
estion
�
rst
p
osed
in
C
raig
&

B
row
n
(1976)

\W
h
at
m
akes
p
articu
lar
U
V
em
ission
lin
es
b
etter
th
an
oth
ers
in
term
s
of
recoverin
g

th
e
p
lasm
a
sou
rce
fu
n
ction
?"

A
gain
,
w
e
h
ave
u
sed
a
G
A
b
ased
to
ol
to
in
vestigate
th
e
factors
con
trollin
g
th
e
n
u
m
erical

stab
ility
of
in
verse
p
rob
lem
solu
tion
s
in
th
e
p
resen
ce
of
d
ata
n
oise,
i.e.
lim
itin
g
th
e
e�
ect
of

p
o
or
con
d
ition
in
g.
E
ssen
tially
w
e
h
ave
isolated
su
b
sets
of
em
ission
lin
es
th
at
su
b
stan
tially

red
u
ce
th
e
resp
on
se
of
th
e
in
tegral
in
version
to
con
sid
erab
le
d
ata
n
oise.
In
S
ection
5.2,

for
�(T
e ),
w
e
red
u
ced
th
e
d
egree
of
p
o
or
con
d
ition
in
g
b
y
m
in
im
isin
g
th
e
con
d
ition
n
u
m
b
er

from

10
1
1
to
�
10
4
b
y
carefu
l
ch
oice
of
th
e
em
ission
lin
es
w
e
u
se
in
th
e
in
version
p
ro
cess

itself.
L
ikew
ise,
in
S
ection
5.3
w
e
h
ave
isolated
th
e
corresp
on
d
in
g
set
of
em
ission
lin
es
for

th
e
u
n
ivariate
�
(n
e )
in
verse
p
rob
lem
w
h
ich
red
u
ce
th
e
con
d
ition
n
u
m
b
er
from
10
1
7
to
�
10
9.

F
rom
th
ese
resu
lts
w
e
see
th
at
carefu
l
con
sid
eration
of
th
e
lin
es
an
aly
sed
can
y
ield
m
u
ch
m
ore

n
u
m
erically
stab
le
solu
tion
s
to
a
stan
d
ard
D
E
M

in
version
.

T
o
su
m
m
arise,
w
e
h
ave
clearly
sh
ow
n
th
at
th
e
m
eth
o
d
s
em
p
loyed
in
th
is
th
esis
estab
lish
a

greater
d
egree
of
u
n
iq
u
en
ess
an
d
n
u
m
erical
stab
ility
in
th
e
in
ferred
D
E
M
fu
n
ction
s
w
h
ich
is
a

p
ositive
con
trib
u
tion
,
p
articu
larly
in
term
s
of
th
e
fu
rth
er
in
terp
retation
of
solar
sp
ectroscop
ic

d
ata
in
u
n
coverin
g
th
e
tru
e
m
ech
an
ism
(s)
resp
on
sib
le
for
regen
eratin
g
an
d
h
eatin
g
th
e
u
p
p
er

solar
atm
osp
h
ere.

6
.1

F
u
tu
re
W
o
rk

T
h
e
im
p
ortan
ce
in
term
s
of
atm
osp
h
ere
m
o
d
ellin
g
m
ake
th
e
d
iscu
ssion
of
th
is
th
esis
very

tim
ely.
T
h
ere
are
m
an
y
aven
u
es
left
to
ex
p
lore
w
ith
th
e
m
eth
o
d
s
d
iscu
ssed
w
ith
in
b
u
t

p
articu
lar
e�
ort
sh
ou
ld
b
e
m
ad
e
to
ex
ten
d
th
e
S
E
L
E
C
T
O
R
an
d
R
IT
m
eth
o
d
s
to
allow
th
e

fu
rth
er
stu
d
y
of
�
(n
e ;T
e )
w
h
ich
is
th
e
\h
oly
grail"
of
U
V
in
verse
sp
ectroscop
y,
th
ou
gh
,

b
ecau
se
of
its
p
h
y
sical
ab
straction
,
it
is
th
e
p
rin
cip
al
su
b
ject
of
on
ly
fou
r
p
ieces
of
literatu
re

to
d
ate,
as
far
as
th
e
au
th
or
is
aw
are.

E
x
ten
sion
of
th
e
w
ork
p
resen
ted
in
C
h
ap
ters
4
an
d
5
to
stu
d
y
th
e
b
ivariate
D
E
M
�
(n
e ;T
e )

w
ill
revolve
arou
n
d
th
e
re-in
d
ex
in
g
(tran
sform
ation
)
p
erform
ed
in
J
u
d
ge
et
al.
(1997)
an
d



15
0
-
80
0
� A
)
an
d
S
ol
ar
U
lt
ra
v
io
le
t
M
ea
su
re
m
en
t
of
E
m
it
te
d
R
ad
ia
ti
on
(S
U
M
E
R
;
78
0
-
16
10

� A
)
in
st
ru
m
en
ts
in
th
e
S
O
H
O
p
ay
lo
ad
.

T
h
e
va
st
m
a
jo
ri
ty
of
th
e
te
ch
n
ic
al
d
et
ai
ls
re
q
u
ir
ed
to
u
n
d
er
st
an
d
th
e
w
or
k
co
n
ta
in
ed
in

th
is
th
es
is
ar
e
la
id
d
ow
n
in
C
h
ap
te
r
2.
In
S
ec
ti
on
2.
1
w
e
ga
ve
a
d
is
cu
ss
io
n
of
th
e
ge
n
er
al

d
et
ai
ls
to
ai
d
in
th
e
u
n
d
er
st
an
d
in
g,
p
er
ce
p
ti
on
an
d
so
lu
ti
on
of
in
ve
rs
e
p
ro
b
le
m
s.
W
e
n
ot
ed

th
at
it
w
as
im
p
or
ta
n
t
to
fo
rm
u
la
te
th
e
in
ve
rs
e
p
ro
b
le
m
co
rr
ec
tl
y
an
d
,
fo
r
th
e
so
la
r
in
ve
rs
e

p
ro
b
le
m
co
n
si
d
er
ed
p
re
d
om
in
an
tl
y
in
th
is
th
es
is
,
w
e
re
q
u
ir
e
a
b
as
ic
k
n
ow
le
d
ge
of
th
e
at
om
ic

m
ec
h
an
is
m
s
of
h
ig
h
ly
io
n
is
ed
sp
ec
ie
s
p
re
se
n
t
in
th
e
so
la
r
at
m
os
p
h
er
e.
T
h
eo
re
ti
ca
l
k
n
ow
le
d
ge

of
th
e
at
om
ic
\z
o
o"
w
e
ca
ll
th
e
S
u
n
al
lo
w
s
u
s
to
d
ia
gn
os
e
th
e
cu
rr
en
t
st
at
e
of
th
e
em
it
ti
n
g

p
la
sm
a
st
ru
ct
u
re
an
d
,
in
S
ec
ti
on
2.
2,
w
e
d
is
cu
ss
ed
th
es
e
d
ia
gn
os
ti
cs
,
th
ei
r
fo
rm
u
la
ti
on
an
d

p
os
si
b
le
er
ro
rs
re
su
lt
in
g
in
th
ei
r
u
se
.

C
h
ap
te
r
3
in
tr
o
d
u
ce
d
,
at
an
el
em
en
ta
ry
le
ve
l,
th
e
b
as
ic
fr
am
ew
or
k
fr
om
w
h
ic
h
m
u
ch
of

th
e
ar
gu
m
en
t
of
th
is
th
es
is
is
co
n
st
ru
ct
ed
.
T
h
er
e
w
e
in
tr
o
d
u
ce
d
th
e
te
rm
in
ol
og
y,
m
ec
h
a-

n
is
m
an
d
ad
ap
ta
b
il
it
y
of
G
en
et
ic
A
lg
or
it
h
m
s
(G
A
).
A
s
a
te
st
of
th
e

ex
ib
il
it
y
of
a
G
A
w
e

ap
p
ly
it
as
a
m
et
h
o
d
fo
r
ob
ta
in
in
g
`u
n
b
ia
se
d
'
d
ec
om
p
os
it
io
n
s
of
em
is
si
on
li
n
e
sp
ec
tr
a.
W
e

h
av
e
d
em
on
st
ra
te
d
th
at
a
G
A
is
a
ro
b
u
st
,
an
d
e�
ec
ti
ve
,
op
ti
m
is
at
io
n
m
et
h
o
d
fo
r
n
av
ig
at
in
g

p
ot
en
ti
al
ly
h
az
ar
d
ou
s
so
lu
ti
on
/p
ar
am
et
er
sp
ac
es
an
d
th
at
G
a
-G
A
(t
h
e
G
au
ss
ia
n
�
tt
in
g
G
A
)

d
em
on
st
ra
te
d
th
e
ea
se
w
it
h
w
h
ic
h
a
p
ri
o
ri
co
n
st
ra
in
ts
ca
n
b
e
ap
p
li
ed
to
th
e
d
at
a
u
n
d
er
an
al
-

y
si
s.
In
ad
d
it
io
n
to
th
e
ea
se
w
it
h
w
h
ic
h
co
n
st
ra
in
ts
ca
n
b
e
p
la
ce
d
on
th
e
d
at
a
u
n
d
er
an
al
y
si
s

w
e
h
av
e
p
ro
v
id
ed
ev
id
en
ce
th
at
G
a
-G
A
p
ro
v
id
es
a
m
or
e
ac
cu
ra
te
sp
ec
tr
al
d
ec
om
p
os
it
io
n
(e
s-

p
ec
ia
ll
y
at
th
e
li
m
it
of
in
st
ru
m
en
ta
l
re
so
lu
ti
on
)
th
an
st
an
d
ar
d
d
ec
om
p
os
it
io
n
al
go
ri
th
m
s.
It

is
al
so
cl
ea
r
fr
om
th
e
an
al
y
si
s
p
re
se
n
te
d
th
er
ei
n
th
at
th
er
e
is
n
o
su
ch
th
in
g
as
a
fr
ee
lu
n
ch
;

an
y
ad
va
n
ce
in
ac
cu
ra
cy
m
u
st
b
e
ac
co
u
n
te
d
fo
r
b
y
si
gn
i�
ca
n
t
in
cr
ea
se
in
th
e
ti
m
e
ta
ke
n
to

ob
ta
in
th
at
ac
cu
ra
cy
an
d
w
ou
ld
li
m
it
G
a
-G
A
's
e�
ec
ti
ve
n
es
s
as
an
on
-l
in
e
an
al
y
si
s
to
ol
,
e.
g.

fo
r
an
al
y
si
n
g
si
m
p
le
li
n
e
p
ro
�
le
s
(s
in
gl
e
or
d
ou
b
le
)
in
to
ka
m
ac
p
la
sm
as
.
H
ow
ev
er
,
as
is
tr
u
e

in
m
an
y
as
tr
on
om
ic
al
ca
se
s,
th
e
ti
m
e
ta
ke
n
to
ru
n
th
e
al
go
ri
th
m
is
ir
re
le
va
n
t
co
m
p
ar
ed
to
th
e

ac
cu
ra
cy
re
q
u
ir
ed
of
th
e
d
ec
om
p
os
it
io
n
.
A
s
a
th
ou
gh
t
ex
am
p
le
co
n
si
d
er
th
e
d
ec
om
p
os
it
io
n
of

a
S
U
M
E
R
q
u
ie
t
S
u
n
sp
ec
tr
u
m
,
li
ke
th
at
p
re
se
n
te
d
in
�
gu
re
3.
8.
A
m
is
-c
al
cu
la
ti
on
of
th
e
li
n
e

w
id
th
or
sh
if
t
re
la
ti
ve
to
th
e
`k
n
ow
n
'
la
b
or
at
or
y
w
av
el
en
gt
h
w
ou
ld
b
e
en
ou
gh
to
co
m
p
le
te
ly

d
is
co
u
n
t
th
e
\n
an
o
ar
e"
m
o
d
el
of
P
ar
ke
r
(1
98
8)
an
d
th
e
m
ag
n
it
u
d
e
of
ob
se
rv
ed
d
ow
n

ow
s

in
th
e
tr
an
si
ti
on
re
gi
on
em
is
si
on
li
n
es
(W
ik
st
�l
et
al
.
19
97
;
W
ik
st
�l
et
al
.
19
98
)
of
O
IV
an
d

S
IV
(1
39
8
�
�
�
14
02
� A
)
th
at
ca
n
b
e
in
fe
rr
ed
fr
om
th
es
e
m
ea
su
re
m
en
ts
.

2.
2.
A
T
O
M
IC
P
H
Y
S
IC
S

fr
om
an
op
ti
ca
ll
y
th
in
p
la
sm
a
o
cc
u
p
y
in
g
a
vo
lu
m
e
V
is
si
m
p
ly

P
l
=

ZZ
Z V

h
� j
iA
ji
n
u
(l
)d
V

er
g
s�

1

(2
.5
2)

w
h
er
e
h
is
P
la
n
ck
's
co
n
st
an
t,
� j
i
is
th
e
fr
eq
u
en
cy
of
th
e
li
n
e,
A
ji
(s
�
1
)
is
th
e
E
in
st
ei
n
A
-

co
eÆ
ci
en
t,
an
d
n
u
(l
)
(c
m
�
3
)
is
th
e
p
op
u
la
ti
on
d
en
si
ty
of
th
e
u
p
p
er
le
ve
l
u
(l
)
=

j.
T
h
e

ex
p
re
ss
io
n
fo
r
n
u
(l
)
=
n
j
ca
n
b
e
d
ec
om
p
os
ed
,
fo
r
si
m
p
li
ci
ty
,
in
to

n
j
=

n
j

n
io
n

�
n
io
n

n
el

�
n
el

n
H

�
n
H n

e
�n
e

(2
.5
3)

w
h
er
e

n
j

n
io
n

=
f
(n
e
;T
e
),
n
io
n

n
e
l

=
g
(T
e
),
n
e
l

n
H

an
d
n
H n

e

ar
e
th
e
re
la
ti
ve
p
op
u
la
ti
on
of
th
e
u
p
p
er

at
om
ic
le
ve
l
of
th
e
li
n
e,
th
e
io
n
ic
ab
u
n
d
an
ce
,
el
em
en
ta
l
ab
u
n
d
an
ce
,
an
d
re
la
ti
ve
ab
u
n
d
an
ce
of

H
to
el
ec
tr
on
s
(h
av
in
g
a
va
lu
e
of
0:
8
in
th
e
so
la
r
at
m
os
p
h
er
e)
re
sp
ec
ti
ve
ly
.
F
u
ll
d
es
cr
ip
ti
on
s
of

th
es
e
q
u
an
ti
ti
es
ca
n
b
e
fo
u
n
d
in
J
or
d
an
(1
96
9,
19
70
),
J
ac
ob
s
et
.
al
(1
97
7,
19
80
)
an
d
A
rn
au
d

&
R
ot
h
en

u
g
(1
98
5)
.
F
ro
m
th
is
p
oi
n
t
on
,
or
u
n
le
ss
st
at
ed
ot
h
er
w
is
e,
w
e
co
n
si
d
er
on
ly
th
e

ro
le
of
bo
u
n
d
-b
o
u
n
d
(b
-b
)
p
ro
ce
ss
es
,
i.
e.
th
os
e
ac
co
rd
in
g
to
th
e

n
j

n
io
n

te
rm
.

T
h
e
n
on
-L
T
E
ra
te
eq
u
at
io
n
s
fo
r
th
e
co
u
p
li
n
g
of
le
ve
ls
j
an
d
i
in
a
m
u
lt
i-
le
ve
l
at
om
ar
e

@
n
i

@
t

+
v
�

@
n
i

@
x

=

D D
tn

i
=

X j6=
i

n
j
P
ji
�
n
i

X j6=
i

P
ij
;

(2
.5
4)

w
h
er
e
th
e
te
rm
P
ji
=
R
ji
+
C
ji
si
m
p
ly
re
p
re
se
n
ts
th
e
to
ta
l
tr
an
si
ti
on
p
ro
b
ab
il
it
y
(s
�
1
)
fr
om

le
ve
l
j
to
le
ve
l
i
an
d
is
a
su
m
of
th
e
ra
d
ia
ti
ve
(R
ji
)
an
d
co
ll
is
io
n
al
(C
ji
)
te
rm
s.
P
ji
is
th
e

p
ro
b
ab
il
it
y
of
a
la
rg
e
n
u
m
b
er
of
at
om
s
in
an
en
se
m
b
le
m
ak
in
g
th
e
tr
an
si
ti
on
fr
om
le
ve
l
j
to

le
ve
l
i.
It
is
a
fu
n
ct
io
n
of
ti
m
e,
p
ea
k
in
g
at
P
,
sa
y,
an
d
is
of
te
n
in
te
rp
re
te
d
as
a
tr
an
si
ti
on
`r
at
e'

st
at
is
ti
ca
ll
y
ap
p
ly
in
g
to
th
e
w
h
ol
e
en
se
m
b
le
an
d
n
ot
to
an
y
in
d
iv
id
u
al
at
om
.
T
h
e
ra
d
ia
ti
ve

p
ro
b
ab
il
it
ie
s
ar
e
R
ji
=

A
ji
+

~ J
B
ji
w
h
er
e
~ J
is
th
e
ra
d
ia
ti
on
�
el
d
(i
m
p
li
ci
tl
y
ta
ke
n
to
b
e

z
e
ro
in
th
es
e
ca
lc
u
la
ti
on
s,
it
em
5
ab
ov
e)
an
d
B
ji
is
th
e
E
in
st
ei
n
B
co
eÆ
ci
en
t
of
st
im
u
la
te
d

em
is
si
on
.
T
h
e
co
ll
is
io
n
al
ra
te
s
ar
e
C
ji
=
P c
n
c
hv
c
�
ji
i
w
h
er
e
n
c
is
th
e
n
u
m
b
er
d
en
si
ty
of

co
ll
id
in
g
p
ar
ti
cl
es
w
h
ic
h
h
av
e
a
cr
os
s-
se
ct
io
n
fo
r
m
ak
in
g
th
e
tr
an
si
ti
on
fr
om
le
ve
l
j
to
i
of

�
ji
,
an
d
n
c
hv
c
�
ji
i
is
th
e
p
ro
b
ab
il
it
y
in
te
gr
al
in
vo
lv
in
g
th
e
d
is
tr
ib
u
ti
on
fu
n
ct
io
n
of
th
e
co
ll
id
in
g

p
ar
ti
cl
es
.
T
h
e
tr
an
si
ti
on
ra
te
p
er
u
n
it
ti
m
e
is
th
en

n
c
hv
c
�
ji
i
=
n
c

Z 1 0

f
(v
c
)v
c
�
(v
c
)j
i
d
v c

s�
1

(2
.5
5)

w
h
er
e
f
(v
c
)
is
th
e
ve
lo
ci
ty
p
ar
t
of
th
e
d
is
tr
ib
u
ti
on
fu
n
ct
io
n
.
S
in
ce
w
e
ar
e
as
su
m
in
g
th
at

el
ec
tr
on
co
ll
is
io
n
s
w
il
l
d
om
in
at
e,
an
d
el
ec
tr
on
s
th
er
m
al
is
e
ra
p
id
ly
,
th
e
m
os
t
li
ke
ly
d
is
tr
ib
u
ti
on

in
th
is
n
on
-L
T
E
lo
w
d
en
si
ty
re
gi
m
e
w
il
l
b
e
th
e
M
ax
w
el
l-
B
ol
tz
m
an
n
d
is
tr
ib
u
ti
on
.
S
o
th
e



2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

collision
p
rob
ab
ility
p
er
secon
d
for
th
e
d
e-ex
citation
(E
j
>
E
i )
takes
th
e
form

C
ji
=
�
�
ji (T
e )

g
j

T
�
12

e

cm
�
3
s
�
1

(2.56)

for
T
e
in
d
egrees
K
elv
in
w
h
ere
�
is
a
con
stan
t
(�
=
8:63
�
10
�
6
for
electron
s)
an
d
g
j
is

th
e
statistical
w
eigh
t
of
level
j.
T
h
e
q
u
an
tity
�
ji (T
e )
is
k
n
ow
n
as
th
e
`M
ax
w
ellian
averaged

collision
stren
gth
'
an
d
is
u
su
ally
a
sm
o
oth
b
u
t
w
eak
fu
n
ction
of
tem
p
eratu
re
(see,
e.g.,
G
ab
riel

&
J
ord
an
1971).
T
h
e
sim
p
le
relation
sh
ip
b
etw
een
collision
alex
citation
(C
ij )
an
d
d
e-ex
citation

(C
ji )
co
eÆ
cien
ts
is
th
en
,
u
sin
g
th
e
p
rin
c
ip
le
o
f
d
e
ta
iled
ba
la
n
ce
(n
�i C

ij
=
n
�j C

ji
w
h
ere
n
�
is

th
e
L
T
E
p
op
u
lation
),
given
b
y

C
ij
=
C
ji g
j

g
i ex
p �
�
E
ji

k
T
e �
cm
�
3
s
�
1

(2.57)

w
h
ere
k
is
B
oltzm
an
n
's
con
stan
t
an
d
E
ji
is
th
e
en
ergy
d
i�
eren
ce
b
etw
een
levels
j
an
d
i.

F
or
a
static
m
ed
iu
m
(v
�
@
n
i

@
x

=
0)
in
statistical
eq
u
ilib
riu
m
(
@
n
i

@
t

=
0)
th
e
rate
eq
u
ation
s

of
eq
u
ation
(2.54)
b
ecom
e

0
= Xj6=

i n
j P
ji
�
n
i Xj6=

i P
ij

(2.58)

an
d
on
su
b
stitu
tin
g
for
P
ji
an
d
P
ij
as
ab
ove
w
e
h
ave

0
= Xj6=

i n
j
(A
ji
+
n
e C
ji )
�
n
i Xj6=

i (A
ij
+
n
e C
ij )
:

(2.59)

H
ow
ever,
th
is
sy
stem
of
h
om
ogen
eou
s
eq
u
ation
s
is
n
o
t
closed
,
i.e.
w
e
req
u
ire
an
eq
u
ation
to

�
x
th
e
set
for
n
i .
T
y
p
ically
th
is
is
d
on
e
b
y
con
sid
erin
g
th
e
ab
u
n
d
an
ce
of
th
e
atom
(A
b)
su
ch

th
at

X
j

n
j
=
A
b
�n
H

(2.60)

h
old
s
w
h
ere
n
H

is
th
e
n
u
m
b
er
d
en
sity
of
H
y
d
rogen
.
S
o,
eq
u
ation
s
(2.59)
an
d
(2.60)
form

a
closed
lin
ear
sy
stem
(e.g.
P
n
=
b
)
w
h
ich
can
b
e
solved
for
th
e
atom
ic
level
p
op
u
lation
s

n
,
given
P
,
th
e
m
atrix
of
tran
sition
p
rob
ab
ilities,
an
d
b
=
(0;:::;A
b
�
n
H
).
T
h
u
s,
w
e
h
ave

p
rescrib
ed
th
e
cu
rren
t
state
of
th
e
atom
for
th
e
assu
m
p
tion
s
m
ad
e
earlier.

N
ow
,
w
e
con
cen
trate
on
p
articu
lar
tran
sition
s
w
ith
in
an
atom

an
d
w
e
b
egin
w
ith
th
e

sim
p
lest
case,
a
re
so
n
a
n
ce
lin
e.
A
reson
an
ce
lin
e
is
on
e
arisin
g
from
allow
ed
tran
sition
s
from

levels
collision
ally
ex
cited
from
th
e
grou
n
d
state
to
th
e
grou
n
d
state.
W
e
can
con
sid
er
th
e

atom
as
a
sim
p
le
3-level
m
o
d
el
(see
�
gu
re
2.6).
T
h
e
solu
tion
of
th
e
statistical
eq
u
ilib
riu
m

eq
u
ation
s
is,
for
a
tran
sition
from
level
j
to
level
i,

n
e n
i C
ij
=
n
j
(A
ji
+
n
e C
ji )

(2.61)

C
h
a
p
te
r
6

S
u
m
m
a
r
y
a
n
d
fu
tu
r
e
w
o
r
k

T
h
is
C
h
a
p
te
r

In
th
is
ch
a
p
ter
w
e
d
ra
w
a
ll
o
u
r
a
rgu
m
en
ts
a
n
d
th
rea
d
s
togeth
er
to
sh
o
w
th
a
t
th
e
reco
very
o
f
th
e

so
la
r
p
h
ysica
l
stru
ctu
re
fro
m
U
V
/
E
U
V
em
issio
n
lin
e
spectra
is
n
o
ea
sy
ta
sk
a
n
d
m
u
st
be
trea
ted

w
ith
d
u
e
ca
re
a
n
d
a
tten
tio
n
.

T
h
e
im
p
ortan
ce
of
ob
tain
in
g
go
o
d
(u
seab
le)
d
istrib
u
tion
s
for
solar
p
lasm
a
d
iagn
ostic

q
u
an
tities
is
p
aram
ou
n
t
if
w
e
are
to
u
n
lo
ck
th
e
m
y
steries
su
rrou
n
d
in
g
th
e
coron
al,
ch
rom
o-

sp
h
eric
an
d

are
h
eatin
g
p
rob
lem
s
(rev
iew
ed
recen
tly
;
Z
irker
1993).
T
h
e
ab
ility
to
su
p
p
ort

ob
servation
ally
certain
m
ech
an
ism
s
relative
to
oth
ers
req
u
ires
th
at
w
e
h
ave,
at
least,
an

u
n
iq
u
e
m
o
d
el
for
th
e
em
ittin
g
p
lasm
a.
In
th
is
th
esis
w
e
h
ave
d
evelop
ed
,
u
sin
g
n
ew
an
d
w
h
at

som
e
m
ay
class
as
u
n
con
ven
tion
al,
m
eth
o
d
s
w
ith
an
op
en
-m
in
d
ed
p
ersp
ective
to
d
o
ju
st
th
at.

W
e
h
ave
u
sed
an
ap
p
roach
th
at
d
eterm
in
es
th
e
u
n
d
erly
in
g
p
lasm
a
ch
aracteristics
to
a
h
igh
er

d
egree
of
n
u
m
erical
stab
ility
an
d
u
n
iq
u
en
ess
th
an
p
rev
iou
sly
ob
tain
ed
.
T
h
e
argu
m
en
t
of
th
is

th
esis
from
th
e
ou
tset
can
sim
p
ly
b
e
ex
p
ressed
as
(M
cIn
tosh
1998
-
O
ral
P
resen
tation
)

\If
w
e
are
to
learn
an
y
th
in
g
ab
ou
t
th
e
solar
atm
osp
h
ere
from
th
e
S
O
H
O
an
d
sim
ilar

m
ission
s
w
e
h
a
v
e
to
u
se
d
ata
ex
traction
m
eth
o
d
s
w
h
ich
are
m
ost
rob
u
st
an
d
accom
m
o-

d
ate
a
ll
th
e
errors
likely
to
o
ccu
r.
S
u
ch
m
eth
o
d
s
w
ill,
in
retu
rn
,
in
crease
th
e
reliab
ility

an
d
u
n
iform
ity
of
resu
lts
in
ferred
u
sin
g
th
ese
m
eth
o
d
s."

W
e
h
ave
sy
stem
atically
in
tro
d
u
ced
con
stru
ction
m
eth
o
d
s
for
in
ferrin
g
u
n
iq
u
e
d
istrib
u
tion
s

from
ob
served
U
V
/E
U
V
op
tically
th
in
lin
e
em
ission
sp
ectra.
In
th
e
m
ain
,
p
articu
lar
em
p
h
asis

is
p
laced
on
th
e
w
avelen
gth
ran
ge
ob
servab
le
w
ith
th
e
C
oron
al
D
iagn
ostic
S
p
ectrom
eter
(C
D
S
;



5.
3.
O
P
T
IM
IS
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G
T
H
E
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(N
E
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V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
12
:
A
p
lo
t
sh
ow
in
g
th
e
su
m
m
ed
(n
or
m
al
is
ed
)
em
is
si
v
it
ie
s

�
d
S
5
0
0
0
(n
e
)� .
T
h
es
e
em
is
-

si
on
li
n
es
al
l
b
el
on
g
to
th
e
op
ti
m
al
su
b
se
t
of
ru
n
28
5
gi
ve
n
in
T
ab
le
5.
5.

A
ga
in
,
w
e
w
il
l
se
ek
a
re
gu
la
ri
se
d
so
lu
ti
on
to
th
e
in
ve
rs
e
p
ro
b
le
m
to
se
e
h
ow
st
ab
le
th
e

so
lu
ti
on
of
th
e
\a
ll
-l
in
es
"
co
m
p
ar
es
to
th
at
u
si
n
g
th
e
re
d
u
ce
d
op
ti
m
al
se
t
of
ru
n
28
5.
W
e

p
er
fo
rm
th
e
in
ve
rs
io
n
fo
r
a
ra
n
ge
of
sm
o
ot
h
in
g
p
ar
am
et
er
s
�
(1
01
�
10
5
)
to
ob
ta
in
a
so
lu
ti
on
to

eq
u
at
io
n
(5
.1
5)
.
T
h
e
ca
lc
u
la
te
d
li
n
e
in
te
n
si
ti
es
fo
r
th
is
m
o
d
el
�
(n
e
)
fu
n
ct
io
n
h
av
e
n
or
m
al
ly

d
is
tr
ib
u
te
d
ra
n
d
om

er
ro
rs
of
5%

m
ag
n
it
u
d
e.
F
ig
u
re
5.
13
cl
ea
rl
y
sh
ow
s
th
at
th
e
in
ve
rs
io
n

p
er
fo
rm
ed
w
it
h
th
e
op
ti
m
al
su
b
se
t
of
li
n
es
is
si
gn
i�
ca
n
tl
y
m
or
e
n
u
m
er
ic
al
ly
st
ab
le
th
an

th
at
ob
ta
in
ed
w
h
en
u
si
n
g
th
e
\a
ll
-l
in
es
"
ap
p
ro
ac
h
,
es
p
ec
ia
ll
y
ov
er
th
e
ra
n
ge
of
sm
o
ot
h
in
g

p
ar
am
et
er
s
u
se
d
.

T
h
e
op
ti
m
al
va
lu
e
of
C
0 K

is
si
gn
i�
ca
n
tl
y
h
ig
h
er
th
an
th
at
of
th
e
p
re
v
io
u
s
se
ct
io
n
,
as

w
ou
ld
b
e
ex
p
ec
te
d
fr
om
in
sp
ec
ti
on
of
�
gu
re
5.
2,
b
u
t
b
ec
au
se
of
th
e
es
ti
m
at
e
u
se
d
m
ay
b
e

sl
ig
h
tl
y
in
ac
cu
ra
te
.
T
h
e
h
ig
h
va
lu
e
of
C
0 K

al
on
e
w
ou
ld
in
d
ic
at
e
w
h
y
�
(n
e
)
is
n
ot
a
`p
op
u
la
r'

d
ia
gn
os
ti
c
of
th
e
em
it
ti
n
g
p
la
sm
a
(a
lt
h
ou
gh
d
is
cu
ss
ed
at
le
n
gt
h
in
?
?
an
d
?
?
);
th
e
n
u
m
er
ic
al

in
st
ab
il
it
y
an
d
n
on
-u
n
iq
u
en
es
s
of
th
e
in
fe
rr
ed
so
lu
ti
on
an
d
w
ou
ld
m
ak
e
d
er
iv
at
io
n
of
th
e

p
h
y
si
ca
l
m
ec
h
an
is
m
s
fo
r
th
e
ra
d
ia
ti
n
g
p
la
sm
a
u
se
le
ss
.
O
n
in
sp
ec
ti
on
of
�
gu
re
5.
13
su
ch
an

ar
gu
m
en
t
is
fu
rt
h
er
re
in
fo
rc
ed
,
co
n
si
d
er
in
g
es
p
ec
ia
ll
y
th
at
th
e
ca
lc
u
la
ti
on
s
p
re
se
n
te
d
w
er
e

m
ad
e
u
si
n
g
li
n
e
in
te
n
si
ti
es
w
it
h
on
ly
5%
er
ro
rs
.
T
h
is
w
ou
ld
b
e
an
op
ti
m
is
ti
c
lo
w
er
b
ou
n
d

2.
2.
A
T
O
M
IC
P
H
Y
S
IC
S

3.
T
h
e
in
te
n
si
ti
es
of
al
lo
w
ed
li
n
es
th
at
ar
e
ex
ci
te
d
fr
om
lo
w
-l
y
in
g
m
et
as
ta
b
le
le
ve
ls
.
T
h
ei
r

in
te
n
si
ti
es
ar
e
d
ep
en
d
en
t
on
th
e
p
op
u
la
ti
on
of
th
e
m
et
as
ta
b
le
le
ve
l
fr
om
w
h
ic
h
th
ey
ar
e

ex
ci
te
d
.
O
n
ce
th
es
e
le
ve
ls
at
ta
in
a
`r
ea
so
n
ab
le
'
p
op
u
la
ti
on
,
b
u
t
n
ot
it
s
B
ol
tz
m
an
n
va
lu
e,

th
e
li
n
e
in
te
n
si
ty
w
il
l
va
ry
as
n
Æ e
(2
<
Æ
<
3)
.
W
h
en
th
e
B
ol
tz
m
an
n
le
ve
l
is
re
ac
h
ed
th
e

in
te
n
si
ty
va
ri
es
as
n
2 e
.

2
.2
.1
.1

D
i�
e
re
n
ti
a
l
E
m
is
si
o
n
M
e
a
su
re
s-
D
E
M
s

It
is
u
se
fu
l
to
d
e�
n
e
an
ot
h
er
im
p
or
ta
n
t
d
ia
gn
os
ti
c
to
ol
at
th
is
p
oi
n
t;
th
e
D
i�
er
en
ti
al
E
m
is
-

si
on
M
ea
su
re
(D
E
M
)
fu
n
ct
io
n
,
w
h
ic
h
w
e
d
e�
n
e
b
y
re
ca
ll
in
g
eq
u
at
io
n
(2
.6
3)
(i
n
co
rp
or
at
in
g

d
ep
en
d
en
ce
on
r)

P
l
=
4�

Z V
K
l(
n
e
(r
);
T
e
(r
))
n

2 e
(r
)
d

3
r

er
g
s�

1
:

(2
.6
4)

T
h
is
eq
u
at
io
n
,
w
it
h
fu
ll
d
ep
en
d
en
ce
on
n
e
an
d
T
e
in
cl
u
d
ed
in
th
e
em
is
si
on
co
eÆ
ci
en
t,
w
as

st
u
d
ie
d
b
y
fo
rm
u
la
ti
n
g
th
e
in
te
gr
an
d
in
te
rm
s
of
a
fu
n
ct
io
n
of
el
ec
tr
on
d
en
si
ty
an
d
te
m
p
er
-

at
u
re
(J
e�
er
ie
s
et
al
.
19
72
a,
b
).
T
h
is
fu
n
ct
io
n
w
as
la
te
r
id
en
ti
�
ed
(s
ee
?
?
,
h
er
ea
ft
er
B
D
S
A
)

as
th
e
b
iv
ar
ia
te
D
E
M

fu
n
ct
io
n
of
n
e
an
d
T
e
,
n
am
el
y
�
(n
e
;T
e
).
F
ol
lo
w
in
g
th
e
d
er
iv
at
io
n
of

B
D
S
A
w
e
m
ak
e
th
e
fo
ll
ow
in
g
ch
an
ge
of
in
te
gr
at
io
n
va
ri
ab
le
in
eq
u
at
io
n
(2
.6
4)
:

d
3
r
=

d
n
e
d
T
e

jr
n
e
jj
r
T
e
j
si
n
� n
e
;T
e

d
L
n
e
;T
e

cm
3

(2
.6
5)

H
en
ce
,
re
d
u
ci
n
g
th
e
vo
lu
m
e
in
te
gr
al
of
eq
u
at
io
n
(2
.6
4)
to
a
li
n
e
in
te
gr
al
of
th
e
em
is
si
v
it
y

al
on
g
a
li
n
e
of
co
n
st
an
t
n
e
,
T
e
.
H
er
e
� n
e
;T
e

(>
0)
is
th
e
lo
ca
l
an
gl
e
b
et
w
ee
n
ve
ct
or
s
r
n
e
an
d

r
T
e
n
or
m
al
to
su
rf
ac
es
S
n
e
,
S
T
e

of
co
n
st
an
t
el
ec
tr
on
d
en
si
ty
an
d
te
m
p
er
at
u
re
re
sp
ec
ti
ve
ly
1
0
,

se
e
�
gu
re
2.
7.
S
o,
fo
r
ev
er
y
tr
an
si
ti
on
fr
om
le
ve
l
j
to
le
ve
l
i
w
e
h
av
e

P
l
=
4�

Z T
eZ n
e

K
l(
n
e
;T
e
)M
(n
e
;T
e
)
d
n
e
d
T
e

er
g
s�

1

(2
.6
6)

w
h
er
e,
fr
om
B
D
S
A
,
M
(n
e
;T
e
)
is
d
e�
n
ed
as

M
(n
e
;T
e
)
=

I L
n
e
;T
e

n
2 e

jr
n
e
jj
r
T
e
j
si
n
� n
e
;T
e

d
L
n
e
;T
e

K
�
1

(2
.6
7)

U
su
al
ly
,
on
e
d
o
es
n
ot
d
ir
ec
tl
y
ob
se
rv
e
th
e
to
ta
l
ra
d
ia
te
d
p
ow
er
P
l,
b
u
t
th
e
in
te
n
si
ty
,
I l
=

P
l=
(4
�
S
),
w
h
er
e
S
is
th
e
ar
ea
of
th
e
p
ro
je
ct
ed
vo
lu
m
e
V
.
D
e�
n
in
g
�
(n
e
;T
e
)
=
M
(n
e
;T
e
)=
S
,

w
h
ic
h
h
as
u
n
it
s
of
cm
�
2
K
�
1
,
w
e
�
n
d

I l
=

Z T
e

Z n
e

K
l(
n
e
;T
e
)�
(n
e
;T
e
)
d
n
e
d
T
e

er
g
cm
�
2
sr
�
1
s�

1
:

(2
.6
8)

1
0
N
o
ti
n
g
th
a
t
th
is
is
th
e
so
la
r
a
tm
o
sp
h
er
e.
`S
ta
n
d
a
rd
'
so
la
r
m
o
d
el
s
w
h
ic
h
a
re
v
er
y
si
m
p
li
st
ic
(s
ee
th
e

ex
a
m
p
le
in
C
h
a
p
te
r
1
-�
g
u
re
1
.1
).
In
a
m
o
re
re
a
li
st
ic
so
la
r
m
o
d
el
w
e
m
u
st
a
cc
o
m
o
d
a
te
re
g
io
n
s
w
h
er
e
�
n
e
;T
e

is
ze
ro
a
n
d
th
e
te
m
p
er
a
tu
re
a
n
d
d
en
si
ty
g
ra
d
ie
n
ts
a
re
p
a
ra
ll
el
.



2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

F
igu
re
2.7:
T
w
o
su
rfaces
of
con
stan
t
tem
p
eratu
re
S
T
e

an
d
of
con
stan
t
d
en
sity
S
n
e

in
tersectin
g

on
a
lin
e
L
n
e ;T
n
e .
�
n
e ;T
n
e

is
th
e
an
gle
b
etw
een
th
e
vectors
r
T
e
an
d
r
n
e
n
orm
al
to
th
e
su
rfaces

S
T
e ,
S
n
e

resp
ectively
(taken
from
B
D
S
A
).

5.3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

T
ab
le
5.5:
D
etails
of
th
e
em
ission
lin
es
b
elon
gin
g
to
ru
n
285,
th
e
set
h
av
in
g
th
e
m
in
im
u
m

valu
e
of
log
1
0
C
0K

=
9:2116.
A
lso
given
are
th
e
ion
s
to
w
h
ich
th
e
lin
e
b
elon
gs,
w
avelen
gth
s
�

( �A
), ���
d
K
(n
e )

d
n
e ��� (=
jK
0j)
an
d
th
e
valu
e
of
n
�e ,
th
e
valu
e
w
h
ere
th
e
em
issiv
ity
grad
ien
t
is
greatest.

A
gain
,
valu
es
n
�e
of
8.8
or
11.2
in
d
icate
th
at
m
ax
im
u
m
o
ccu
rs
b
etw
een
th
at
valu
e
an
d
th
e

ap
p
rop
riate
lim
it
of
th
e
d
en
sity
d
om
ain
(8
�
log
1
0
n
e
�
12).
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( �A
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C
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u
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lo
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h
s
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r
m
u
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)
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e
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ra
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2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

F
igu
re
2.9:
P
lot
of
th
e
tem
p
eratu
re
sen
sitive
ratio
of
tw
o
reson
an
ce
lin
es �
�
3
1
2
:4
2

�
1
5
5
0
:7
7 �
of
C
IV
.

A
valu
e
of
0.15
for
th
e
lin
e
in
ten
sity
ratio
w
ill
y
ield
a
m
ean
sp
ectroscop
ic
tem
p
eratu
re
hT
e i

of
ap
p
rox
im
ately
6
�
10
5
K
.

an
d
on
d
iv
id
in
g
th
rou
gh
ou
t
b
y
�
0
w
e
m
ay
ex
p
ress
R
ij
in
term
s
of
th
e
`m
ean
'
sp
ectroscop
ic

tem
p
eratu
re,
hT
e i
ij ,
for
th
e
p
articu
lar
lin
e
p
air
(i;j),
i.e
.

R
ij
=
K
i (hT
e i)

K
j (hT
e i)
=
S
ij (hT
e i
ij )

(2.76)

w
h
ere
S
ij (T
e )
=

K
i (T
e
)

K
j (T
e
)
is
a
m
on
oton
ic,
b
ijective
(in
vertib
le)
fu
n
ction
,
th
at
h
as
a
u
n
iq
u
e

in
verse
on
th
e
tem
p
eratu
re
d
om
ain
con
sid
ered
w
h
en
w
e
restrict
ou
r
stu
d
y
to
reson
an
ce
lin
es

on
ly.
T
h
erefore,
on
in
sp
ection
,
th
e
relation
b
etw
een
hT
e i
ij
an
d
th
e
ob
served
lin
e
ratios
R
ij

is
given
b
y

hT
e i
ij
=
S
�
1

ij
(R
ij )

(2.77)

an
d
can
b
e
rep
resen
ted
p
ictorially
in
�
gu
re
2.9.

2
.2
.2
.2

E
le
c
tro
n
d
e
n
sity
d
e
te
rm
in
a
tio
n

T
h
e
ratio
of
em
ission
lin
es
w
ith
d
i�
eren
t
d
en
sity
d
ep
en
d
en
ce
h
as
b
een
w
id
ely
u
sed
as
a

d
iagn
ostic
of
th
e
electron
d
en
sity
in
th
e
in
h
om
ogen
eou
s
solar
atm
osp
h
ere.
H
ow
ever,
?
?
an
d
,

5.3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

re-ad
d
ress
th
e
w
ay
in
w
h
ich
S
E
L
E
C
T
O
R
calcu
lates
C
K
.
A
p
art
from
th
e
con
d
ition
n
u
m
b
er

estim
ate
of
C
lin
e
et
al.
(1979),
th
ere
is
an
oth
er
w
ay
to
estim
ate
C
K

th
at
w
ill
give
con
sisten
t

resu
lts
an
d
w
e
w
ill
u
se
th
is
estim
ate
for
th
ese
resu
lts.
A
clu
e
is
in
�
gu
re
5.2.
O
b
serve
th
at

th
e
grad
ien
t
of
th
e
sin
gu
lar
valu
e
d
istrib
u
tion
s
for
th
e
\all-lin
es"
�
(n
e )
an
d
�(T
e )
kern
els
are

d
i�
eren
t
an
d
th
at
th
e
grad
ien
t
of
th
e
�
(n
e )
case
is
sign
i�
can
tly
greater.
S
im
ilarly,
w
e
see
th
at

th
e
con
d
ition
n
u
m
b
er
of
th
e
�
(n
e )
\all-lin
es"
kern
el
is
very
m
u
ch
h
igh
er
th
an
th
at
of
th
e
�(T
e )

case
(log
1
0
C
K

=
17:04
as
op
p
osed
to
11:55).
It
is
triv
ial
to
ob
tain
a
algeb
raic
ex
p
ression
for

th
is
\relation
sh
ip
".
O
n
�
ttin
g
a
straigh
t
lin
e
(w
ith
eq
u
ation
y
=
m
x
+
c)
th
rou
gh
th
e
logs
of

th
e
�
rst
Q
sin
gu
lar
valu
es
(i.e.
th
e
n
on
-zero
on
es)
w
e
see
th
at

C
0K

�
10
�
m
Q

(5.16)

w
ith
C
0K

=
C
K

ex
actly
w
h
en
Q
=
M

(M

is
th
e
n
u
m
b
er
of
sin
gu
lar
valu
es).
O
n
m
ak
in
g
th
is

sim
p
le
ad
d
ition
to
th
e
co
d
e
of
S
E
L
E
C
T
O
R
an
d
�
x
in
g
Q
=
25
w
e
w
ill
again
in
vestigate
th
e

resu
lts
of
300,
5000
gen
eration
,
ru
n
s
to
id
en
tify
th
e
set
of
em
ission
lin
es
th
at
m
in
im
ises
th
e

con
d
ition
n
u
m
b
er
of
th
e
�
(n
e )
in
verse
p
rob
lem
.
G
iven
th
at,
on
p
erform
in
g
a
S
V
D
on
th
e

�
(n
e )
\all-lin
es"
kern
el
y
ield
s
a
valu
e
of
log
1
0
C
K

=
17:05,
th
e
grad
ien
t
m
eth
o
d
d
escrib
ed

ab
ove
gives
log
1
0
C
0K

=
16:02
(for
Q
=
25).

W
e
are
lo
ok
in
g
for
a
su
b
set
of
th
ese
lin
es
w
ith
con
sid
erab
ly
low
er
valu
e
of
C
0K
.
F
igu
re
5.10

sh
ow
s
th
e
resu
lts
of
th
e
en
sem
b
le
of
300
ru
n
s
of
S
E
L
E
C
T
O
R
an
d
id
en
ti�
es,
in
a
m
ore
strik
in
g

w
ay,
a
su
b
set
of
lin
es
selected
m
ore
th
an
th
e
m
ean
of
104:436
selection
freq
u
en
cy.
S
im
ilarly,

�
gu
re
5.11
sh
ow
s
th
e
variation
of
th
e
selection
w
ith
each
ru
n
color-co
d
ed
to
corresp
on
d
to
th
e

con
d
ition
n
u
m
b
er
estim
ate
C
0K

d
e�
n
ed
b
y
eq
u
ation
(5.16).
It
is
clear
th
at
ru
n
285,
log
1
0
C
0K

=

9:2116,
w
h
en
com
p
ared
to
th
at
of
th
e
\all-lin
es",
con
tain
s
a
su
b
set
of
th
e
lin
es
w
h
ich
h
as

a
low
er
valu
e
of
C
0K
.
H
ow
ever,
it
is
also
clear
from
th
e
m
ottled
p
attern
of
�
gu
re
5.11
th
e

d
iÆ
cu
lties
of
selectin
g
su
ch
an
op
tim
al
set
w
h
en
v
irtu
ally
all
sets
are
very
p
o
orly
con
d
ition
ed
.

T
h
is
m
ottlin
g
m
ay
b
e
an
artifact
of
th
e
estim
ate
u
sed
to
calcu
late
C
0K
.
T
ab
les
5.4
an
d
5.5
sh
ow

th
e
com
b
in
ation
of
th
e
resu
lts
p
resen
ted
in
�
gu
res
5.10
an
d
5.11.
T
ab
le
5.4
gives
th
e
d
etails

of
all
th
e
lin
es
selected
25%
greater
th
an
th
e
m
ean
selection
freq
u
en
cy.
T
h
e
lin
es
b
elon
gin
g

to
th
e
su
b
set
of
p
ro
d
u
ced
b
y
ru
n
285
(�),
valu
es
of ���
d
K
(n
e )

d
n
e ���
an
d
th
e
n
�e
(th
e
electron
d
en
sity

at
w
h
ich ���
d
K
(n
e )

d
n
e ���
is
greatest)
to
h
elp
ob
tain
a
p
h
y
sical
d
escrip
tion
of
w
h
y
th
is
p
articu
lar

set
of
lin
es
is
ch
osen
ab
ove
th
e
oth
ers.
S
im
ilarly,
T
ab
le
5.5
p
resen
ts
th
e
d
etails
of
on
ly
th
e

lin
es
selected
in
ru
n
285
an
d
�
gu
re
5.12
sh
ow
s
th
e
coverage
of
th
e
selected
lin
e
em
issiv
ities

(n
orm
alised
),

dS500
0 (n
e ).
O
n
e
featu
re
very
ev
id
en
t
in
th
is
�
gu
re
is
th
e

atn
ess
of
th
e
su
m
m
ed
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T
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T
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e
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d
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u
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E
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b
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.
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b
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2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

-
E
rrors
in
electron
-ion
ex
citation
cross-section
s
(Æ�
i )
d
ep
en
d
on
th
e
iso
electron
ic
seq
u
en
ce

to
w
h
ich
th
e
ion
b
elon
gs.
T
h
ey
also
d
ep
en
d
critically
on
th
e
ty
p
e
of
tran
sition
(p
erm
it-

ted
,
forb
id
d
en
,
etc.),
relativ
istic
e�
ects
an
d
th
e
assu
m
p
tion
s
m
ad
e
w
h
en
calcu
latin
g
th
e

collision
al
cross-section
s
(cf.
th
e
assu
m
p
tion
s
w
e
m
ad
e
earlier).
A
recen
t
lab
oratory
stu
d
y

of
th
e
reson
an
ce
lin
es
of
C
IV
(see
�
gu
re
2.8)
m
easu
red
cross-section
s
w
ith
an
accu
racy
of

�
7%
(S
av
in
et
al.
1995).

-
E
rrors
in
th
e
ion
isation
b
alan
ce
(ÆX
i )
th
at
d
ep
en
d
,
n
ot
on
ly
th
e
cross-section
s
b
u
t
th
e

stru
ctu
re
of
th
e
em
ittin
g
p
lasm
a
(d
ep
artu
res
from

eq
u
ilib
riu
m
,
?
?
,
of
eq
u
ation
(2.54))

itself.
T
h
ese
errors,
sy
stem
atic
in
n
atu
re
for
a
p
articu
lar
ion
,
are
likely
to
b
e
of
th
e
ord
er

�
20%
.
If
n
on
-eq
u
ilib
riu
m
p
ro
cesses
are
p
resen
t
th
ey
can
b
e
m
u
c
h
h
igh
er
(?
?
).

W
h
en
con
sid
erin
g
tran
sition
s
in
volv
in
g
m
etastab
le
levels
calcu
lation
of
th
e
E
in
stein
A
-

-co
eÆ
cien
ts
is
im
p
ortan
t
(cf.
th
e
statem
en
t
after
eq
u
ation
(2.80))
an
d
from
th
ese
arise
an

ad
d
ition
al
sou
rce
of
error.
S
o,
given
eq
u
ation
(2.79)
w
e
h
ave,
m
ak
in
g
sim
p
li�
cation
s
sim
ilar

to
th
ose
ab
ove

ÆK
i

K
i

= s�
Æ�
i

�
i �

2
+ �
ÆX
i

X
i �

2
+ �
ÆY
i

Y
i �

2

+ vuut �
n
e

n
e
c
+
n
e �

2  �
ÆA
i

A
i �

2
� �
Æ�
i

�
i �

2 !
(2.85)

w
h
ere
n
e
c

is
th
e
aforem
en
tion
ed
critical
d
en
sity
;
for
n
e
�

n
e
c

th
is
eq
u
ation
red
u
ces
to
th
e

form
of
eq
u
ation
(2.84).

G
iven
th
is
in
form
ation
J
u
d
ge
et
al.
(1997)
con
clu
d
e
th
at
errors
in
th
e
lin
e
em
issiv
ities

ran
ge
u
p
w
ard
from
�
30%
an
d
are
sy
stem
atic
in
n
atu
re.
T
h
e
sy
stem
atic
n
atu
re
of
errors
w
e

w
ill
u
se
to
ou
r
ad
van
tage
in
th
e
an
aly
sis
of
C
h
ap
ter
4.
H
ow
ever,
from
th
ese
statem
en
ts
it

m
igh
t
b
e
reason
ab
le
to
ask
\
W
h
y
d
o
w
e
n
ot
sim
p
ly
set
u
p
a
lab
oratory
an
d
m
easu
re
th
e

cross-section
s
n
eed
ed
to
solve
eq
u
ation
(2.54)
d
irectly
?".
T
h
ere
are
several
reason
s
for
th
is,

an
d
th
ey
are
:

1.
T
h
e
n
u
m
b
er
of
cross-section
s
req
u
ired
for
reliab
le
d
eterm
in
ation
of
th
e
em
ission
co
eÆ
cien
ts

scales
as
k
n
(n
�
1)
w
h
ere
k
is
a
con
stan
t
b
etw
een
on
e
an
d
tw
o
an
d
n
is
th
e
n
u
m
b
er
of

b
ou
n
d
levels
in
th
e
m
o
d
el.

2.
E
ach
cross-section
h
as
to
b
e
d
eterm
in
ed
at
all
en
ergies
w
ith
th
e
velo
city
d
istrib
u
tion
fu
n
c-

tion
at
an
en
ergy
resolu
tion
su
Æ
cien
t
to
allow
accu
rate
calcu
lation
of
th
e
rate
co
eÆ
cien
t.

3.
In
th
e
solar
atm
osp
h
ere
th
e
atom
ic
collision
cross-section
s
are
n
eed
ed
in
th
e
lim
it
k
T
e
�

E
j
�
E
i
an
d
sin
ce
th
e
k
in
etic
en
ergy
of
th
e
im
p
actin
g
p
article
is
m
u
ch
less
th
an
th
e
en
ergy

5.3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

T
ab
le
5.3:
D
etails
of
th
e
op
tim
al
su
b
set
of
em
ission
lin
es
on
ly.
T
h
ese
are
th
e
lin
es
b
elon
gin
g

to
ru
n
106
th
at
form
a
kern
el
m
atrix
w
ith
log
1
0
C
K

=
4:2709.
G
iven
are
th
e
ion
s
to
w
h
ich

th
e
lin
e
b
elon
gs,
w
avelen
gth
s
�
( �A
),
th
e
n
u
m
b
er
of
tim
es
th
e
p
articu
lar
lin
e
w
as
selected
an
d

th
e
tem
p
eratu
re
at
w
ith
th
e
em
issiv
ity
of
th
e
lin
e
p
eak
s
T
m
a
x

e

(K
).

Io
n

�
( �A
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C
o
u
n
t

lo
g
1
0
T
m
a
x

e
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5.
3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
5:
M
on
te
C
ar
lo
h
is
to
gr
am

of
li
n
e
se
le
ct
io
n
fr
eq
u
en
cy
ve
rs
u
s
li
n
e
re
su
lt
s
fo
r
30
0

ru
n
s
of
th
e
S
E
L
E
C
T
O
R
.
T
h
is
cl
ea
rl
y
sh
ow
s
th
e
ex
is
te
n
ce
of
a
su
b
se
t
of
th
e
13
3
li
n
es
th
at

h
av
e
se
le
ct
io
n
fr
eq
u
en
ci
es
si
gn
i�
ca
n
tl
y
gr
ea
te
r
th
an
th
e
m
ea
n
.
H
ow
ev
er
,
th
es
e
d
o
n
ot
fo
rm

th
e
op
ti
m
al
su
b
se
t
of
30
li
n
es
;
ta
k
in
g
th
e
30
m
os
t
se
le
ct
ed
li
n
es
an
d
co
m
p
u
ti
n
g
C
K

gi
ve
s

lo
g
1
0
C
K

=
6:
32
4.
T
h
e
lo
w
er
ax
is
id
en
ti
�
es
th
e
at
om

(l
ar
ge
d
iv
is
io
n
)
an
d
io
n
is
at
io
n
st
ag
e

(c
or
re
sp
on
d
in
g
to
th
e
la
b
el
)
to
w
h
ic
h
ea
ch
fr
eq
u
en
cy
b
el
on
gs
.

so
u
gh
t
u
si
n
g
p
ro
ce
ss
es
d
is
cu
ss
ed
in
th
e
fo
ll
ow
in
g
ch
ap
te
rs
of
th
is
th
es
is
.
In
an
e�
or
t
to

ob
ta
in
th
e
b
es
t
p
os
si
b
le
sc
ie
n
ti
�
c
re
su
lt
s
fr
om

th
ei
r
sp
ec
tr
a,
th
e
C
D
S
an
d
S
U
M
E
R
te
am
s

h
av
e
se
t
ab
ou
t
w
ay
s
to
p
ro
d
u
ce
th
e
m
os
t
`r
el
ia
b
le
'
d
ec
om
p
os
it
io
n
;
se
e
B
ry
n
il
d
se
n
(1
99
4)
fo
r

m
or
e
d
et
ai
ls
.

S
ta
n
d
ar
d
sp
ec
tr
al
d
ec
om
p
os
it
io
n
te
ch
n
iq
u
es
u
n
fo
rt
u
n
at
el
y
p
ro
ve
to
b
e
u
n
st
ab
le
w
h
en

p
re
se
n
te
d
w
it
h
d
at
a
of
lo
w
si
gn
al
to
n
oi
se
ra
ti
o,
or
d
at
a
th
at
is
p
o
or
ly
sa
m
p
le
d
.
In
p
ar
ti
cu
la
r

th
es
e
in
st
ab
il
it
ie
s
ca
u
se
su
b
tl
e
d
i�
er
en
ce
s
in
th
e
d
ec
om
p
os
it
io
n
of
ea
ch
sp
ec
tr
u
m

an
d
ca
n

le
ad
to
si
gn
i�
ca
n
tl
y
d
i�
er
en
t
p
h
y
si
ca
l
in
te
rp
re
ta
ti
on
s.
T
h
is
h
as
p
ro
m
p
te
d
u
s
to
se
ar
ch
fo
r

a
m
et
h
o
d
th
at
ca
n
p
ro
v
id
e
sp
ec
tr
os
co
p
is
ts
w
it
h
re
li
ab
le
d
ec
om
p
os
it
io
n
s
of
ob
se
rv
ed
sp
ec
tr
a

th
at
ar
e
as
fr
ee
as
p
os
si
b
le
fr
om
su
b
je
ct
iv
e
b
ia
s.

W
e
u
se
a
h
eu
ri
st
ic
ap
p
ro
ac
h
to
d
ec
om
p
os
it
io
n
.
W
e
u
se
a
G
en
et
ic
A
lg
or
it
h
m

(G
A
)
to

�
t
m
o
d
el
li
n
e
p
ro
�
le
s,
w
h
ic
h
fo
r
ou
r
p
u
rp
os
e
w
e
ch
os
e
to
h
av
e
G
au
ss
ia
n
fo
rm
,
to
p
ro
v
id
e
a

si
m
p
le
p
ar
am
et
er
is
at
io
n
of
th
e
sp
ec
tr
u
m
u
n
d
er
an
al
y
si
s.
T
h
is
ap
p
ro
ac
h
ex
p
lo
it
s
th
e
st
ab
il
it
y

an
d
op
ti
m
is
at
io
n
ca
p
ab
il
it
ie
s
of
n
at
u
ra
l
se
le
ct
io
n
(D
ar
w
in
18
59
).
S
ec
ti
on
s
3.
1.
1
an
d
3.
1.
2

d
es
cr
ib
e
th
e
b
as
ic
G
A
fo
rm
al
is
m
,
an
d
an
in
tr
o
d
u
ct
io
n
to
ou
r
G
au
ss
ia
n
�
tt
in
g
G
A
,
h
er
ea
ft
er

re
fe
rr
ed
to
as
G
a
-G
A
.

T
h
e
G
A
te
ch
n
iq
u
e
is
ap
p
li
ed
u
n
d
er
id
ea
l
co
n
d
it
io
n
s
(t
o
`s
im
p
le
'
n
oi
se
le
ss
te
st
sp
ec
tr
a)
in

S
ec
ti
on
3.
2.
1.
T
h
is
�
rs
t
te
st
al
so
h
el
p
s
to
h
ig
h
li
gh
t
h
ow
w
el
l
ge
n
et
ic
op
er
at
or
s
ar
e
su
it
ed
to

th
is
ta
sk
.
S
ec
ti
on
3.
2.
2
gi
ve
s
a
m
u
ch
m
or
e
st
ri
n
ge
n
t
te
st
of
th
e
h
ow
a
G
A
p
er
fo
rm
s
w
h
en

�
tt
in
g
sp
ec
tr
a
co
n
ta
in
in
g
u
n
st
ru
ct
u
re
d
ra
n
d
om
n
oi
se
.
H
er
e,
th
e
G
A
's
st
ab
il
it
y
in
th
e
p
re
se
n
ce

of
ra
n
d
om
G
au
ss
ia
n
n
oi
se
is
co
m
p
ar
ed
to
th
at
of
st
an
d
ar
d
p
ro
�
le
�
tt
in
g
an
d
op
ti
m
is
at
io
n

al
go
ri
th
m
s.
W
e
sh
ow
th
at
th
es
e
st
an
d
ar
d
al
go
ri
th
m
s
ar
e
b
li
gh
te
d
b
y
p
os
si
b
le
u
se
r
b
ia
s
w
h
ic
h

is
n
o
t
p
re
se
n
t
w
it
h
th
e
G
A
te
ch
n
iq
u
e.
T
o
ai
d
fu
rt
h
er
co
m
p
ar
is
on
of
ou
r
G
A
te
ch
n
iq
u
e
to

st
an
d
ar
d
an
al
y
si
s
al
go
ri
th
m
s
w
e
h
av
e
co
n
st
ru
ct
ed
m
o
d
el
sp
ec
tr
a
w
it
h
re
al
is
ti
c
n
oi
se
an
d

co
n
ti
n
u
u
m
/b
ac
k
gr
ou
n
d
le
ve
ls
.
T
h
e
re
su
lt
s
ar
e
d
is
cu
ss
ed
in
S
ec
ti
on
3.
2.
3.

T
h
e
ab
il
it
y
of
th
e
G
A
ap
p
ro
ac
h
is
gi
ve
n
a
�
n
al
te
st
in
S
ec
ti
on
3.
3
on
q
u
ie
t
S
u
n
S
U
M
E
R

sp
ec
tr
a.
T
h
er
e
w
e
co
m
p
ar
e
ou
r
re
su
lt
s
w
it
h
th
os
e
ob
ta
in
ed
fr
om
an
an
al
y
ti
ca
l
d
ec
om
p
os
it
io
n

p
er
fo
rm
ed
b
y
?
?
.
W
e
n
ot
e
th
at
th
ei
r
te
ch
n
iq
u
e
u
se
d
ad
d
it
io
n
al
in
fo
rm
at
io
n
n
ot
av
ai
la
b
le
to

th
e
G
A
.

A
lt
h
ou
gh
m
u
ch
em
p
h
as
is
m
u
st
b
e
p
la
ce
d
on
th
e
fa
ct
a
G
A
re
q
u
ir
es
m
in
im
al
u
se
r
in
p
u
t,

in
ce
rt
ai
n
ci
rc
u
m
st
an
ce
s
u
se
r
in
p
u
t
ca
n
p
ro
ve
u
se
fu
l,
su
ch
as
ca
se
s
w
h
er
e
re
la
ti
ve
w
av
el
en
gt
h
s

an
d
in
te
n
si
ti
es
ar
e
w
el
l
k
n
ow
n
fr
om
at
om
ic
p
h
y
si
cs
.
S
u
ch
ad
d
it
io
n
al
co
n
st
ra
in
ts
ca
n
(a
lm
os
t

tr
iv
ia
ll
y
)
b
e
`h
ar
d
-w
ir
ed
'
in
to
th
e
al
go
ri
th
m
.
S
ec
ti
on
3.
3.
1
h
ig
h
li
gh
ts
th
e
p
os
si
b
il
it
ie
s
of



3.1.
M
O
T
IV
A
T
IO
N
A
N
D
M
E
T
H
O
D

ap
p
ly
in
g
rigid
a
p
rio
ri
con
strain
ts
to
th
e
ob
served
sp
ectru
m
.

3
.1

M
o
tiv
a
tio
n
a
n
d
m
e
th
o
d

P
rior
to
th
e
lau
n
ch
of
S
O
H
O
,
a
stu
d
y
w
as
u
n
d
ertaken
B
ry
n
ild
sen
(1994)
to
id
en
tify
th
e
`b
est'

p
ro�
le
�
ttin
g
p
ackage
for
th
e
C
D
S
an
d
S
U
M
E
R
in
stru
m
en
ts
d
iscu
ssed
p
rev
iou
sly.
T
h
e
stu
d
y

com
p
ared
variou
s
algorith
m
s
for
�
ttin
g
G
au
ssian
p
ro�
les,
or
com
b
in
ation
s
th
ereof.

T
h
e
com
m
on
d
en
om
in
ator
lin
k
in
g
all
of
th
e
p
ro�
le
�
ttin
g
algorith
m
s
stu
d
ied
b
y
B
ry
n
ild
-

sen
(C
U
R
V
E
F
IT
-
from

th
e
In
teractive
D
ata
L
an
gu
age
(ID
L
)
u
serlib
,
an
d
A
M
O
E
B
A
-
A

\d
ow
n
h
ill"
S
IM
P
L
E
X
algorith
m
from
P
ress
et
al.
1992,
an
d
oth
ers)
is
th
e
n
eed
for
u
ser
in
p
u
t

regard
in
g
startin
g
p
oin
ts
for
ea
c
h
p
aram
eter
in
th
e
search
.
T
h
is
p
oten
tial
sou
rce
of
u
ser

b
ias,
an
d
th
e
red
u
ced
q
u
ality
(in
term
s
of
�
t
to
th
e
d
ata)
of
th
e
p
aram
eterisation
form
th
e

p
rin
cip
al
m
otivation
for
th
is
ch
ap
ter,
an
d
in
d
eed
w
e
sh
ow
th
at
th
ey
are
n
ot
p
resen
t
u
sin
g
a

G
A
tech
n
iq
u
e
b
eyon
d
th
e
ab
solu
te
m
in
im
u
m
req
u
irem
en
t
of
su
p
p
ly
in
g
a
`lin
e
list'
of
lin
es
to

b
e
id
en
ti�
ed
.

U
sin
g
a
G
A
for
th
is
p
ro�
le
�
ttin
g
p
rob
lem
can
h
ave
m
an
y
ad
van
tages
n
ot
availab
le
to
th
e

u
ser
of
p
red
ictive
lin
e
�
ttin
g
algorith
m
s.
C
on
sid
erin
g
on
e
of
th
e
m
an
y
ad
van
tages
n
oted
in

C
h
arb
on
n
eau
(1995),
a
G
A
is
n
ot
d
e-stab
ilised
b
y
n
oise
in
th
e
d
ata;
it
w
ill
m
erely
attem
p
t

to
ach
ieve
its
goal,
lo
catin
g
th
e
`b
est'
p
ro�
le.
T
h
e
G
A
w
ill
attain
th
is
goal,
th
e
in
tro
d
u
ction

of
d
ata
n
oise
w
ill
m
erely
a�
ect
th
e
con
vergen
ce
tim
e
of
th
e
algorith
m
.

W
e
p
resen
t
a
`sim
p
le'
G
A
,
called
G
a
-G
A
,
w
h
ich
w
e
sh
ow
to
b
e
stab
le
again
st
reason
ab
le

n
oise
levels
an
d
to
h
ave
n
o
sou
rce
of
p
ossib
le
u
ser
b
ias.
T
h
e
follow
in
g
section
s
d
iscu
ss
its

p
erform
an
ce
in
d
etail.

3
.1
.1

O
v
e
rv
ie
w
o
f
a
sim
p
le
G
e
n
e
tic
A
lg
o
rith
m

G
en
etic
A
lgorith
m
s
are
in
sp
ired
b
y
th
e
m
ech
an
ism

of
n
atu
ral
selection
an
d
b
asic
gen
etic

op
erators,
o
ccu
rin
g
n
atu
rally
in
b
iological
sy
stem
s,
see
H
ollan
d
(1962).
C
on
sid
er
a
ty
p
ical

n
u
m
erical
op
tim
isation
task
,
w
h
ere
a
p
aram
etric
m
o
d
el
is
to
b
e
�
t
to
d
ata
in
a
m
an
n
er

th
at
m
ax
im
ises
th
e
closen
ess
of
�
t,
or
�
tn
e
ss
(as
m
easu
red
,
for
ex
am
p
le,
b
y
a
�
2
statistical

estim
ator).
A
gen
etic
algorith
m
is
an
iterative
sch
em
e
th
at
op
erates
on
a
po
p
u
la
tio
n
of
trial

solu
tion
s
to
th
e
p
rob
lem
in
th
e
follow
in
g
w
ay
:

1.
C
on
stru
ct
an
in
itial
p
op
u
lation
u
sin
g
ra
n
d
o
m

valu
es
for
th
e
m
o
d
el
p
aram
eters,
an
d
eval-

u
ate
th
eir
�
tn
ess.

5.3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

T
ab
le
5.2:
D
etails
of
th
e
em
ission
lin
es
selected
m
ost
at
th
e
en
d
of
th
e
300
M
on
te
C
arlo
5000

gen
eration
ru
n
s
of
S
E
L
E
C
T
O
R
.
T
h
e
em
ission
lin
es
in
clu
d
ed
h
ere
are
th
ose
w
ith
selection

freq
u
en
cies
greater
th
an
th
e
m
ean
of
72:1805
cou
n
ts.
T
h
e
lin
es
in
d
icated
b
y
an
asterisk
(�)

are
th
ose
b
elon
gin
g
to
ru
n
106,
th
e
set
h
av
in
g
th
e
m
in
im
u
m
valu
e
of
log
1
0
C
K

=
4:2709.
A
lso

given
are
th
e
ion
s
to
w
h
ich
th
e
lin
e
b
elon
gs,
w
avelen
gth
s
�
( �A
),
th
e
n
u
m
b
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tim
es
th
e
lin
e

w
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selected
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d
th
e
tem
p
eratu
re
at
w
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th
e
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issiv
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th
e
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e
p
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T
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5.
2.
O
P
T
IM
IS
IN
G
T
H
E
�(
T
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
3:
R
ep
re
se
n
ta
ti
on
of
th
e
ev
ol
u
ti
on
of
th
e
a
sa
m
p
le
so
lu
ti
on
w
it
h
ge
n
er
at
io
n
n
u
m
b
er
.

T
h
e
ca
lc
u
la
ti
on
w
as
p
er
fo
rm
ed
ov
er
20
00
ge
n
er
at
io
n
s
fo
r
a
p
op
u
la
ti
on
of
10
0
in
d
iv
id
u
al
s.
F
or

th
e
`�
tt
es
t'
in
d
iv
id
u
al
s
in
th
e
ge
n
er
at
io
n
w
e
p
lo
t
th
e
n
or
m
al
is
ed
S
j
(T
e
);
th
e
li
n
ea
r
su
p
er
p
os
i-

ti
on
of
ke
rn
el
s
in
th
at
su
b
se
t
of
th
e
13
3
li
n
es
,
se
e
eq
u
at
io
n
(5
.1
2)
(E
a
c
h
ke
rn
el
is
n
or
m
al
is
ed

w
it
h
re
sp
ec
t
to
it
s
m
ax
im
u
m
el
em
en
t
an
d
ea
ch
S
j
(T
e
)
is
th
en
n
or
m
al
is
ed
to
it
s
m
ax
im
u
m

el
em
en
t
su
ch
th
at
an
u
n
b
ia
se
d
es
ti
m
at
e
of
te
m
p
er
at
u
re
co
ve
ra
ge
ca
n
b
e
ob
ta
in
ed
).
T
h
e
in
se
t

of
th
is
�
gu
re
(t
op
ri
gh
t)
sh
ow
s
th
e
va
ri
at
io
n
of
C
K

at
ea
ch
ge
n
er
at
io
n
st
ep
.

3.
2.
R
E
S
U
L
T
S

as
a
st
ri
n
g
in
th
e
fo
ll
ow
in
g
or
d
er
:

[X
1
;A
1
;W
1
;:
::
::
:;
X
N
;A
N
;W
N
]

A
st
ri
n
g
of
th
e
fo
rm
ab
ov
e
d
e�
n
es
a
se
q
u
en
ce
of
N
G
au
ss
ia
n
p
ro
�
le
s
th
at
d
e�
n
es
a
sy
n
th
et
ic

sp
ec
tr
u
m
,
th
is
co
m
p
u
te
d
p
ro
�
le
is
an
in
d
iv
id
u
al
's
p
h
en
ot
y
p
e.
It
is
th
is
p
h
en
ot
y
p
e
p
ro
�
le
th
at

is
re
ta
in
ed
fo
r
co
m
p
ar
is
on
to
th
e
ob
se
rv
ed
sp
ec
tr
u
m
.
P
h
en
ot
y
p
e
p
ro
�
le
s
ar
e
ca
lc
u
la
te
d
u
si
n
g

th
e
st
an
d
ar
d
p
oi
n
tw
is
e
G
au
ss
ia
n
fo
rm
u
la
,
i.
e.
fo
r
a
p
ar
ti
cu
la
r
ch
an
n
el
x
,
u
su
al
ly
as
so
ci
at
ed

w
it
h
w
av
el
en
gt
h
,
in
G
au
ss
ia
n
i
(G
i)
:

G
i(
x
)
=
A
i
ex
p

 �
(
x
�
X
i)

2

W
2 i

!

(3
.1
)

T
h
e
N

G
au
ss
ia
n
p
ro
�
le
s
d
er
iv
ed
fr
om
a
p
ar
ti
cu
la
r
ge
n
ot
y
p
e
st
ri
n
g
ar
e
su
m
m
ed
to
fo
rm
th
e

`u
n
iq
u
e'
p
h
en
ot
y
p
ic
p
ro
�
le
fo
r
ge
n
ot
y
p
e
j,
P
(x
) j
(w
it
h
x
m
ea
n
in
g
fo
r
al
l
ch
an
n
el
s
x
).
P
(x
) j

is
gi
ve
n
b
y
:

P
(x
) j
=

N X i=
1

G
i(
x
)

8
x

(3
.2
)

O
n
ly
on
ce
P
(x
) j
h
as
b
ee
n
co
m
p
u
te
d
d
o
w
e
ca
lc
u
la
te
an
e
rr
o
r
m
ea
su
re
b
et
w
ee
n
it
an
d
th
e

ta
rg
et
.
T
h
e
er
ro
r
m
ea
su
re
of
a
p
ar
ti
cu
la
r
ge
n
ot
y
p
e
(E
(x
) j
)
d
ep
en
d
s
on
se
ve
ra
l
fa
ct
or
s;
th
e

sq
u
ar
e
p
oi
n
tw
is
e
d
i�
er
en
ce
of
th
e
ta
rg
et
an
d
th
e
co
rr
es
p
on
d
in
g
p
h
en
ot
y
p
e
(C
(x
),
an
d
P
(x
) j
),

th
e
n
u
m
b
er
of
p
ar
am
et
er
s
in
th
e
ca
lc
u
la
ti
on
(3
�
N
),
th
e
n
u
m
b
er
of
p
oi
n
ts
su
m
m
ed
ov
er

(N
d
at
a)
an
d
an
es
ti
m
at
e
of
th
e
n
oi
se
le
ve
l
in
th
e
d
at
a
(�
d
a
ta
(x
))
.
T
h
u
s,
E
(x
) j
(e
�
ec
ti
ve
ly
a

n
or
m
al
is
ed
�
2
m
ea
su
re
)
is
gi
ve
n
b
y
:

E
(x
) j
=

1

(N
d
a
ta
�
3N
)

X x

� (C
(x
)
�
P
(x
) j
)

�
d
a
ta
(x
)

� 2

(3
.3
)

w
it
h
E
(x
) j
�
1
in
d
ic
at
in
g
a
`g
o
o
d
'
�
t.

T
h
is
m
ea
su
re
is
u
se
d
to
ev
al
u
at
e
th
e
�
tn
es
s
of
ea
ch
ge
n
ot
y
p
e.
It
is
th
e
�
tn
es
s
va
lu
e
th
at
is

u
se
d
to
ra
n
k
al
l
th
e
ge
n
ot
y
p
es
in
a
p
ar
ti
cu
la
r
p
op
u
la
ti
on
in
to
as
ce
n
d
in
g
or
d
er
an
d
to
`w
ei
gh
t'

th
e
ro
u
le
tt
e
w
h
ee
l
of
S
ec
ti
on
3.
1.
1.

3
.2

R
e
su
lt
s

T
h
is
se
ct
io
n
d
et
ai
ls
th
e
re
su
lt
s
of
G
a
-G
A
ap
p
li
ed
to
si
m
u
la
te
d
ta
rg
et
d
at
a
se
ts
w
h
ic
h
h
av
e
a

k
n
ow
n
le
ve
l
of
n
oi
se
ad
d
ed
.
S
ec
ti
on
3.
2.
1
d
is
cu
ss
es
th
e
p
er
fo
rm
an
ce
of
G
a
-G
A
in
th
e
ab
se
n
ce

of
d
at
a
n
oi
se
(e
x
ce
p
t
fo
r
ve
ry
sm
al
l
n
u
m
er
ic
al
ro
u
n
d
in
g
er
ro
rs
).
S
ec
ti
on
s
3.
2.
2
an
d
3.
2.
3

p
ro
v
id
e
id
ea
lc
ir
cu
m
st
an
ce
s
to
te
st
th
e
p
er
fo
rm
an
ce
of
G
a
-G
A
,a
ga
in
st
th
at
of
th
e
tw
o
st
an
d
ar
d



3.2.
R
E
S
U
L
T
S

algorith
m
s
m
en
tion
ed
earlier;
C
U
R
V
E
F
IT
an
d
A
M
O
E
B
A
,
for
d
ata
w
ith
a
realistic
n
oise
level

an
d
w
ith
a
n
oisy
b
ack
grou
n
d
p
resen
t
(S
ection
s
3.2.2
an
d
3.2.3
resp
ectively
).
S
ection
3.2.3

w
ill
also
sh
ow
th
e
ease
w
ith
w
h
ich
ad
d
ition
al
sp
ectral
featu
res
m
ay
b
e
in
corp
orated
in
to
th
e

an
aly
sis.

3
.2
.1

A
p
p
lica
tio
n
to
n
o
ise
le
ss
ta
rg
e
t
sp
e
ctra

W
e
u
se
G
a
-G
A

to
an
aly
se
th
ree
n
oiseless
targets,
i.e.
w
e
rep
lace
�
d
a
ta (x )
b
y
1
in
eq
u
a-

tion
(3.3),
each
corresp
on
d
in
g
to
a
d
i�
eren
t
G
au
ssian
con
�
gu
ration
.
T
h
e
th
ree
test
tar-

gets
are:
1)
A
sin
gle
`w
id
e'
G
au
ssian
w
ith
th
e
target
gen
oty
p
e
given
b
y
th
ree
p
aram
eters,

[X
A
W

]
=
[50
100
20
].
2)
T
w
o
`join
ed
'
G
au
ssian
s
corresp
on
d
in
g
to
th
e
six
p
aram
eter
gen
o-

ty
p
e
[40
100
20
80
90
15
],
an
d
3)
a
m
ore
com
p
lex
�
ve
G
au
ssian
con
�
gu
ration
w
ith
th
e
�
fteen

p
aram
eter
target
gen
oty
p
e
given
b
y
[10
30
5
22
60
1
26
40
3
43
70
5
55
60
5
].

E
ach
case
w
as
an
aly
sed
ten
tim
es
(to
allow
p
erform
an
ce
statistics
to
b
e
com
p
iled
),
each

ru
n
w
ith
a
d
i�
eren
t
in
itial
p
op
u
lation
,
for
a
�
x
ed
n
u
m
b
er
of
gen
eration
s.
It
is
also
p
ossib
le

to
con
�
gu
re
G
a
-G
A
to
ru
n
u
n
til
it
ach
ieves
a
�
x
ed
E
(x
)
alth
ou
gh
for
certain
ty
p
es
of
an
aly
sis

th
is
m
eth
o
d
is
u
n
favou
rab
le
(C
h
arb
on
n
eau
&
K
n
ap
p
1996).
T
h
e
n
u
m
b
er
of
gen
eration
s
u
sed

in
each
case
is
d
i�
eren
t
h
ow
ever,
an
d
varies
w
ith
th
e
in
crease
in
com
p
lex
ity
of
th
e
target

solu
tion
.
T
h
erefore
target
3
ty
p
ically
req
u
ires
a
1200
gen
eration
ru
n
,
w
h
ich
is
con
sid
erab
ly

m
ore
th
an
th
e
200
an
d
500
gen
eration
ru
n
s
req
u
ired
for
targets
1
an
d
2
resp
ectively.

T
h
e
retu
rn
ed
p
aram
eterisation
of
each
target
is
given
in
T
ab
le
3:1.
T
h
e
su
b
scrip
t
T

q
u
an
tities
(e.g.
X
T
)
are
th
e
target
p
aram
eters
an
d
th
e
su
b
scrip
t
G
q
u
an
tities
(e.g.
X
G
)
are

th
e
corresp
on
d
in
g
m
ean
valu
es
retu
rn
ed
b
y
G
a
-G
A
after
m
u
ltip
le
�
x
ed
gen
eration
ru
n
s.
It
is

clear
from
th
e
resu
lts
p
resen
ted
in
T
ab
le
3:1
th
at
G
a
-G
A
ob
tain
s
a
v
e
ry
go
o
d
rep
resen
tation
of

each
target
(w
ith
in
th
e
errors).
T
h
e
errors
in
th
e
p
aram
eters
are
glob
al
error
estim
ates
an
d

are
calcu
lated
in
a
M
on
te
C
arlo
fash
ion
,
i.e.
w
e
p
erform
m
u
ltip
le
ru
n
s
of
G
a
-G
A
each
w
ith
a

d
i�
eren
t
in
itial
p
op
u
lation
,
th
is
is
ach
ieved
b
y
in
itializin
g
th
e
ran
d
om
n
u
m
b
er
gen
erator
w
ith

a
d
i�
eren
t
seed
(C
h
arb
on
n
eau
&
K
n
ap
p
1996).
T
h
is
M
on
te
C
arlo
ap
p
roach
`forces'
G
a
-G
A

to
search
th
e
p
aram
eter
sp
ace
from
a
d
i�
eren
t
startin
g
p
oin
t
each
tim
e.
T
h
is
w
ill
also
allow

th
e
calcu
lation
of
`m
ean
'
valu
es
for
each
of
th
e
p
aram
eters.

F
igu
re
3.2
sh
ow
s
a
p
lot
of
target
1
(solid
lin
e)
an
d
th
e
p
ro�
le
d
erived
from
th
e
`�
ttest'

gen
oty
p
e
(4
)
after
on
ly
200
gen
eration
s
w
ith
th
e
E
(x
)
=
2:476
�
10
�
4.
S
im
ilarly,
�
gu
re
3.3

sh
ow
s
th
e
p
ro�
le
con
stru
cted
from
th
e
�
ttest
gen
oty
p
e,
E
(x
)
=
3:296
�
10
�
3,
for
th
e
d
ou
b
le

G
au
ssian
con
�
gu
ration
of
target
2.
F
igu
re
3.4
d
em
on
strates
G
a
-G
A
's
h
an
d
lin
g
of
th
e
m
ore

5.2.
O
P
T
IM
IS
IN
G
T
H
E
�(T
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

elem
en
t
K
M
a
x

l

(T
e ),
at
gen
eration
j
is
given
b
y

dSj (T
e )
=

MPl=
1
K
�l (T

e )

M
a
x
(S
j (T
e ))

(5.12)

versu
s
gen
eration
n
u
m
b
er.
M

is
th
e
n
u
m
b
er
of
p
oin
ts
over
w
h
ich
th
e
em
issiv
ities
are
d
iscre-

tised
(M

=
30
in
th
is
case).
F
or
th
is
sam
p
le
ru
n
w
e
see
th
at
th
e
m
in
im
u
m
(log
1
0
C
K

=
4:4972)

is
very
m
u
ch
sm
aller
in
com
p
arison
to
th
e
con
d
ition
n
u
m
b
er
(log
1
0
C
K

=
11:55)
of
th
e
\all-

-lin
es"
ap
p
roach
(see
�
gu
re
5.2).
T
h
e
set
of
em
ission
lin
es
ch
osen
at
th
e
en
d
of
th
is
sin
g
le

ru
n
of
S
E
L
E
C
T
O
R
m
ay
n
ot
form

th
e
`op
tim
al'
ch
oice
th
at
m
in
im
ises
C
K
,
as
w
e
w
ill
see

b
elow
,
b
u
t
ob
tain
in
g
th
at
set
(in
a
evolu
tion
ary
sen
se)
d
isp
lay
s
certain
ch
aracteristics
m
en
-

tion
ed
ab
ove.
F
or
ex
am
p
le,
con
sid
er
�
gu
re
5.4
w
h
ere
w
e
h
ave
p
lotted
( dSj (T
e ))
for
gen
eration
s

j
=
f1;500;1000;15
00
;20
00g.
T
h
e
u
p
p
er
p
ortion
of
th
is
�
gu
re
ex
h
ib
its
a
featu
re
m
en
tion
ed

ab
ove
ab
ou
t
th
e
n
atu
re
of
th
e
con
cep
tu
ally
w
ell
con
d
ition
ed
kern
el
m
atrix
,
i.e
.
th
e
su
p
erp
o-

sition
of
th
e
row
s,
taken
in
p
ro
jection
,
sh
ou
ld
sp
an
th
e
d
om
ain
as
u
n
iform
ly
as
p
ossib
le.
B
y

com
p
arin
g
th
e
u
p
p
er
an
d
low
er
p
an
els
of
�
gu
re
5.4
w
e
can
see
h
ow
th
e
p
ercen
tage
of
coverage

(P
C
j )

P
C
j
= RT
e dSj (T
e )
d
T
e

M

(5.13)

varies
w
ith
gen
eration
.
T
h
e
low
er
p
an
el
clearly
sh
ow
s
th
at
p
ercen
tage
of
coverage
is
related

to
th
e
con
d
ition
n
u
m
b
er:
greater
u
n
iform
ity
of
kern
el
coverage
gives
low
er
valu
es
of
C
K
.

A
tru
e
test
of
th
is
G
A
m
eth
o
d
for
a
p
rob
lem
of
th
is
com
b
in
atorial
scale
is
to
ad
op
t
a

M
on
te
C
arlo
ap
p
roach
8.
T
h
is
ap
p
roach
in
volves
ob
tain
in
g
op
tim
al
sets
of
em
ission
lin
es
for

m
an
y
ru
n
s,
each
ru
n
h
av
in
g
a
d
i�
eren
t
ran
d
om
ly
ch
osen
startin
g
p
op
u
lation
(see
C
h
ap
ter
3

for
m
ore
d
etails)
w
h
ich
is
th
en
en
co
d
ed
u
sin
g
th
e
R
O
R
tech
n
iq
u
e
to
en
su
re
th
at
all
th
e
lin
es

in
th
e
list
are
u
n
iq
u
e
th
rou
gh
ou
t
th
e
ru
n
.

F
igu
re
5.5
sh
ow
s
th
at
th
e
M
on
te
C
arlo
ap
p
roach
id
en
ti�
es
lin
es
th
at
h
ave
p
articu
lar

p
rop
erties,
red
u
cin
g
th
e
con
d
ition
n
u
m
b
er
of
th
e
kern
el,
an
d
are
ch
osen
sign
i�
can
tly
m
ore

often
th
an
oth
ers.
T
h
is
�
gu
re,
h
ow
ever,
gives
n
o
clear
in
d
ication
th
at
a
n
y
of
th
ese
lin
es
o
ccu
r

togeth
er
in
th
e
sets
ch
osen
,
or
in
sep
arate
su
b
sets,
to
form

a
kern
el
of
sign
i�
can
tly
low
er

con
d
ition
n
u
m
b
er.
Id
en
ti�
cation
of
su
ch
a
set
is
left
to
in
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f
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e
o
p
tim
a
l
C
K

).

9C
o
lo
u
r
co
d
ed
u
sin
g
a
n
co
lo
u
r
ta
b
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d
ica
tin
g
th
e
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n
d
itio
n

n
u
m
b
er.
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b
le
m
u
si
n
g
a

30
p
oi
n
t
T
e
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at
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n
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at
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b
se
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o
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d
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d
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e
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ca
n
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w
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co
n
d
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io
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n
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b
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os
e
u
si
n
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al
l
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th
e
ob
se
rv
ed
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n
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.
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at
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th
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b
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d
th
e
st
at
em
en
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th
at
th
er
e
is
so
m
e
su
b
se
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th
e
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at
h
av
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ca
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tl
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b
et
te
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n
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it
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th
an
ot
h
er
su
b
se
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u
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ti
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e
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u
st
lo
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th
e
fu
n
ct
io
n
al
b
eh
av
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u
r
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th
e
li
n
e
em
is
si
v
it
ie
s
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fu
n
ct
io
n
s
of
T
e
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F
or
a
re
so
n
an
ce
li
n
e
in
th
e
si
m
p
le
3-
le
ve
l
at
om
,
w
it
h
n
e
co
n
st
an
t
(n
o
=
10
9
cm
�
3
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in
sp
ec
ti
on

of
eq
u
at
io
n
(5
.6
)
w
il
l
sh
ow
th
at
th
e
fu
n
ct
io
n
al
d
ep
en
d
en
ce
of
K
r
es
(T
e
)
is
d
et
er
m
in
ed
b
y
th
e

in
te
rp
la
y
b
et
w
ee
n
th
e
p
op
u
la
ti
on
of
th
e
gr
ou
n
d
le
ve
l
(i
ts
el
f
d
ep
en
d
en
t
on
th
e
ab
u
n
d
an
ce
of

th
e
io
n
is
at
io
n
st
ag
e
to
w
h
ic
h
th
e
tr
an
si
ti
on
b
el
on
gs
)
an
d
th
e
co
ll
is
io
n
al
ex
ci
ta
ti
on
ra
te
of
th
e

tr
an
si
ti
on
.
T
h
e
ap
p
ro
x
im
at
io
n
of
a
M
ax
w
el
li
an
-B
ol
tz
m
an
n
el
ec
tr
on
d
is
tr
ib
u
ti
on
w
il
l
en
su
re

th
at
K
r
es
(T
e
)
is
a
p
ea
ke
d
fu
n
ct
io
n
of
T
e
w
it
h
it
s
m
ax
im
u
m
at
so
m
e
te
m
p
er
at
u
re
T
o
,
th
e
va
lu
e

of
T
e
w
h
er
e
th
e
io
n
ic
ab
u
n
d
an
ce
is
a
m
ax
im
u
m
fo
r
th
is
p
ar
ti
cu
la
r
n
o
.

A
s
ca
n
b
e
ap
p
re
ci
at
ed
fr
om

eq
u
at
io
n
(5
.8
)
th
e
T
e
d
ep
en
d
en
ce
of
an
in
te
rs
y
st
em

li
n
e'
s

em
is
si
v
it
y
is
n
ot
q
u
it
e
as
tr
iv
ia
l.
E
q
u
at
io
n
(5
.8
)
sh
ow
s
th
at
th
e
cr
it
ic
al
el
ec
tr
on
d
en
si
ty
n
e c

(w
h
er
e
n
e
C
2
3
�
A
3
1
)
p
la
y
s
an
im
p
or
ta
n
t
ro
le
.
T
h
e
va
lu
e
of
n
e c
is
d
i�
er
en
t
fo
r
ea
ch
tr
an
si
ti
on
.

If
w
e
h
av
e
fo
r
a
p
ar
ti
cu
la
r
in
te
rs
y
st
em
tr
an
si
ti
on
th
e
ca
se
w
h
er
e
n
o
�

n
e c
th
e
te
m
p
er
at
u
re

d
ep
en
d
en
ce
of
K
in
t(
T
e
)
w
il
lb
e
d
et
er
m
in
ed
so
le
ly
b
y
th
e
n
u
m
er
at
or
,
an
d
w
il
lr
es
em
b
le
K
r
es
(T
e
)

an
d
b
e
a
st
ro
n
gl
y
p
ea
ke
d
fu
n
ct
io
n
.
H
ow
ev
er
,
an
ot
h
er
in
te
rs
y
st
em
tr
an
si
ti
on
m
ay
d
ep
en
d
on

a
m
et
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ta
b
le
le
ve
l
w
h
ic
h
h
as
n
c e
>
n
o
an
d
th
en
b
ot
h
th
e
d
en
om
in
at
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an
d
n
u
m
er
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m
u
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b
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n
si
d
er
ed
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p
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ta
n
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te
rm
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r
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(T
e
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ca
n
b
e
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p
ro
x
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at
ed
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e
co
ll
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io
n
st
re
n
gt
h
s
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1
3
an
d
�
2
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)
an
d
io
n
is
at
io
n
b
al
an
ce
of
th
e
re
le
va
n
t
tr
an
si
ti
on
b
y

K
in
t(
T
e
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�

�
1
3
(T
e
)
T

�
1
=
2

e

1
+
�
2
3
(T
e
)
T

�
1
=
2

e

n
io
n

n
el

:

(5
.1
1)

T
h
e
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fu
n
ct
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n
h
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a
ro
u
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ly
G
au
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ia
n
sh
ap
e,
p
ea
ke
d
at
th
e
te
m
p
er
at
u
re
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m
ax
-

im
u
m
io
n
ic
ab
u
n
d
an
ce
,
b
u
t
sk
ew
ed
sh
or
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ar
d
of
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o
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ig
u
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1
d
em
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st
ra
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e
sl
ig
h
t

d
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er
en
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fu
n
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io
n
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ep
en
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ce
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T
e
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r
a
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n
an
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li
n
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� A
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d
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y
st
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n
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N
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u
re
5.
3
sh
ow
s
th
e
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p
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n
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O
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e
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e
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b
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s
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e
m
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u
m
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u
m
b
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s
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S
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p
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el
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C
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e
1
(s
in
gl
e
G
au
ss
ia
n
),
M
id
d
le
p
an
el
:
C
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e
2
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w
o
G
au
ss
ia
n
s)
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B
ot
to
m
p
an
el
:
C
as
e
3
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ve
G
au
ss
ia
n
s)
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F
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ge
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er
at
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n
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n
E
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id
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n
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m
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n
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ot
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d
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n
e)
an
d
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tr
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h
ed
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n
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fo
r
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e
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n
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n
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m
b
le
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e
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d
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ed
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h
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at
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n
is
p
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e
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b
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d
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ra
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b
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b
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d
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b
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a
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u
m
b
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e
ru
n
.
A
s
w
ith
an
y
op
tim
isation
m
eth
o
d
th
e
p
lots

sh
ow
h
ow
th
e
grad
ien
t
of
E
(x
)
lessen
s
w
ith
th
e
in
crease
in
th
e
n
u
m
b
er
of
p
aram
eters
in
th
e

gen
oty
p
e,
th
e
in
crease
in
th
e
n
u
m
b
er
of
gen
eration
s
req
u
ired
for
a
G
A
to
evolve
an
accep
tab
le

solu
tion
in
creases
w
ith
th
e
d
im
en
sion
,
D
,
of
th
e
search
sp
ace;
ty
p
ically
it
d
o
es
so
in
a
m
an
n
er

th
at
is
h
igh
ly
p
rob
lem
d
ep
en
d
en
t,
b
u
t
often
en
d
s
u
p
as
b
ein
g
a
low
(ord
er
u
n
ity
)
p
ow
er
of

N
.
S
o
su
ch
con
vergen
ce
p
lots
p
rov
id
e
ev
id
en
ce
to
su
ggest
th
at
w
e
h
ave
n
ot
yet
evolved
a

`p
erfect'
m
atch
for
th
e
target.
T
h
is
m
ay
b
e
estim
ated
b
y
lo
ok
in
g
at
th
e
grad
ien
t
of
th
e
p
lot

at
th
e
en
d
of
its
evolu
tion
ary
ru
n
.
T
h
e
cen
ter
an
d
b
ottom
p
lots
in
�
gu
re
3.5
sh
ow
th
at
th
e

evolu
tion
ary
p
ro
cess
m
ay
n
ot
b
e
�
n
ish
ed
.
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tio
n
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'
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e
t
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e
ctru
m

R
eliab
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an
aly
sis
of
a
`n
oisy
'
target
m
u
st
b
e
th
e
b
en
ch
m
ark
for
an
y
sp
ectral
d
ecom
p
osition

tech
n
iq
u
e.
W
e
th
erefore
com
p
are
th
e
p
erform
an
ce
of
G
a
-G
A
to
th
at
of
th
e
A
M
O
E
B
A
an
d

C
U
R
V
E
F
IT
algorith
m
s
in
d
ecom
p
osin
g
a
`n
oisy
'
�
ve
G
au
ssian
target,
again
w
ith
G
a
-G
A
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lts
th
e
m
ean
of
ten
ru
n
s.
T
h
e
target
is
gen
erated
b
y
th
e
sam
e
�
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p
aram
eter
gen
oty
p
e
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C
h
eck
th
at
th
e
m
ax
im
u
m

n
u
m
b
er
of
gen
eration
s
h
as
n
ot
b
een
reach
ed
,
th
en
retu
rn
to

step
2,
else
p
ro
ceed
.

6.
R
etu
rn
th
e
set
of
U
V
/E
U
V
lin
es
th
at
m
in
im
ises
th
e
con
d
ition
n
u
m
b
er
of
th
e
kern
el
m
atrix
.

5
.2

O
p
tim
isin
g
th
e
�(T
e )
in
v
e
rse
p
ro
b
le
m

T
h
e
in
terp
retation
of
U
V
/E
U
V
em
ission
sp
ectra
from

solar
an
d
astrop
h
y
sical
p
lasm
as
of-

ten
h
in
ges
on
th
e
in
feren
ce
of
th
e
em
ission
m
easu
re
d
i�
eren
tial
in
T
e ,
�(T
e ).
R
ecallin
g
th
e

d
iscu
ssion
of
S
ection
2.2.1.1
w
e
can
sim
p
ly
d
e�
n
e

�(T
e )
= Z

S
T
e

n
2e

jr
T
e j
d
S
T
e

;

(5.9)

w
h
ere
S
T
e

is
a
su
rface
of
con
stan
t
T
e
w
ith
in
th
e
em
ittin
g
volu
m
e
of
p
lasm
a.
T
h
e
em
is-

sion
m
easu
re
d
i�
eren
tial
in
tem
p
eratu
re
can
b
e
taken
,
literally,
as
th
e
tem
p
eratu
re
grad
ien
t

w
eigh
ted
m
ean
sq
u
are
electron
d
en
sity.

W
e
see
th
at
for
a
h
om
ogen
eou
s
p
lasm
a,
w
ith
n
e
=
n
o
=
10
9
cm
�
3,
th
e
d
ou
b
le
in
tegral
of

eq
u
ation
(5.1)
red
u
ces
to
th
e
sin
gle
in
tegral
of
eq
u
ation
(5.2)
w
ith
s
e
=
T
e
an
d
K
l (n
o ;T
e )
=

K
l (T
e )
i.e.

I
l
= Z

T
e
K
l (T
e )
�(T
e )d
T
e
:

(5.10)

T
h
e
�(T
e )
fu
n
ction
is
th
e
solu
tion
of
th
is
F
red
h
olm
in
tegral
eq
u
ation
of
th
e
�
rst
k
in
d
.
N
u
m
er-

ical
errors
in
th
e
em
ission
lin
e
in
ten
sities
(ÆI
l )
of
th
is
in
verse
p
rob
lem
w
ill,
on
ce
d
iscretised
,

in
d
u
ce
errors
(Æ�)
in
th
e
solu
tion
�
of
a
m
agn
itu
d
e
given
b
y
eq
u
ation
(5.3).

T
h
e
m
a
jority
of
p
u
b
lication
s
con
tain
in
g
d
erivation
of
�(T
e )
fu
n
ction
s
from

ob
served

U
V
/E
U
V

lin
e
in
ten
sities
from

th
e
S
u
n
or
oth
er
stars
ad
op
t
th
e
\in
vert
for
all
lin
es"
or

\all-lin
es"
ap
p
roach
(see,
e.g.,
K
ash
yap
&
D
rake
1998;
L
an
zafam
e
et
al.
1998).
T
h
is
m
eth
o
d

in
volves
th
e
u
se
e
v
e
ry
em
ission
lin
e
ob
served
to
con
stru
ct
th
e
kern
el
m
atrix
(K
)
for
th
e
in
verse

p
rob
lem
an
d
h
en
ce
p
erform
th
e
n
u
m
erical
in
version
an
d
ob
tain
�(T
e ).
T
h
e
v
a
st
m
a
jority
of

su
ch
p
u
b
lication
s
com
p
letely
n
eglect
th
e
e�
ect
of
error
p
rop
agation
from

d
ata
to
solu
tion

b
ecau
se
of
p
o
or
con
d
ition
in
g
of
th
e
in
verse
p
rob
lem
kern
el
m
atrix
.
T
o
cou
n
ter
th
e
ap
p
aren
t

n
eglect
of
ju
st
h
ow
p
o
orly
con
d
ition
ed
th
is
in
verse
p
rob
lem
is
w
e
w
ill
ch
o
ose,
u
sin
g
th
e
G
A

ap
p
roach
d
iscu
ssed
ab
ove,
an
op
tim
al
su
b
set
of
em
ission
lin
es.
T
h
e
u
ltim
ate
aim
b
ein
g
th
at

th
is
op
tim
al
set
w
ill
h
ave
a
sign
i�
can
tly
low
er
kern
el
con
d
ition
n
u
m
b
er
th
an
th
at
of
th
e
\all-

lin
es"
ap
p
roach
.
T
o
th
is
en
d
w
e
con
sid
er
th
e
selection
of
th
e
30
em
ission
lin
es
7
(from
th
e
133

7T
h
e
n
u
m
b
er
o
f
lin
es
u
sed
in
th
e
ca
lcu
la
tio
n
is
a
rb
itra
ry,
b
u
t
ta
k
en
to
b
e
3
0
fo
r
th
is
d
iscu
ssio
n
.
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S
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an
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3.
T
h
es
e
tr
ia
ls
sh
ow
th
at

th
er
e
ar
e
in
d
ee
d
su
b
se
ts
of
th
e
X

ob
se
rv
ab
le
li
n
es
th
at
m
ak
e
th
e
D
E
M

in
ve
rs
e
p
ro
b
le
m
s

co
n
si
d
er
ab
ly
b
et
te
r
co
n
d
it
io
n
ed
th
an
u
si
n
g
a
ll
of
th
e
ob
se
rv
ab
le
li
n
es
in
th
e
in
ve
rs
io
n
(f
or
a

�
x
ed
n
u
m
b
er
of
so
lu
ti
on
p
oi
n
ts
M
).
In
d
ee
d
,
fo
r
ea
ch
of
th
e
te
st
ca
se
s,
w
e
w
il
l
d
is
cu
ss
th
e

p
ro
p
er
ti
es
of
th
e
em
is
si
on
li
n
es
th
at
m
ak
e
th
em
b
et
te
r
th
an
ot
h
er
s
in
th
e
in
ve
rs
e
p
ro
b
le
m

fr
am
ew
or
k
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.1

S
p
e
ci
�
cs
o
f
S
E
L
E
C
T
O
R

W
e
p
re
se
n
t
a
G
en
et
ic
A
lg
or
it
h
m
(G
A
)
m
et
h
o
d
S
E
L
E
C
T
O
R
5
th
at
,
u
n
li
ke
th
os
e
d
is
cu
ss
ed
in

th
e
p
re
v
io
u
s
ch
ap
te
rs
d
o
es
n
ot
m
in
im
is
e
w
it
h
re
sp
ec
t
to
a
st
an
d
ar
d
�
2
m
ea
su
re
b
u
t
in
st
ea
d

m
in
im
is
es
C
K
,
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e
co
n
d
it
io
n
n
u
m
b
er
of
th
e
D
E
M

in
ve
rs
e
p
ro
b
le
m
ke
rn
el
m
at
ri
x
.
T
h
er
ef
or
e,

ou
r
si
m
p
le
al
go
ri
th
m
w
il
l
ch
o
os
e
a
su
b
se
t
of
N

li
n
es
fr
om
th
e
13
3
li
n
es
p
re
se
n
t
in
th
e
H
A
O
-

d
ia
p
er
ca
lc
u
la
ti
on
s6
su
ch
th
at
C
K

is
m
in
im
is
ed
.

W
e
n
ot
e
th
at
th
is
(c
om
b
in
at
or
ia
l)
co
n
d
it
io
n
n
u
m
b
er
m
in
im
is
at
io
n
p
ro
b
le
m
in
vo
lv
es
th
e

id
en
ti
�
ca
ti
on
of
a
su
b
se
t
of
N
d
is
ti
n
ct
el
em
en
ts
fr
om
a
se
ar
ch
li
st
of
X
(>
N
)
p
os
si
b
le
ch
oi
ce
s

w
h
er
e
th
e
or
d
er
in
g
of
th
es
e
el
em
en
ts
is
n
o
t
im
p
or
ta
n
t.
A
G
A
n
at
u
ra
ll
y
le
n
d
s
it
se
lf
to
th
e

op
ti
m
is
at
io
n
of
su
ch
a
p
ro
b
le
m
b
u
t
b
ec
om
es
a
m
or
e
p
ow
er
fu
l
to
ol
w
h
en
an
al
og
y
is
d
ra
w
n
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lg
or
it
h
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ic
al
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an
d
co
m
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u
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ti
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et
w
ee
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th
is
p
ro
b
le
m
an
d
th
at
of
th
e
T
ra
v
e
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in
g
S
a
le
s-

m
a
n
P
ro
b
le
m

(T
S
P
)
d
is
cu
ss
ed
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C
h
ap
te
r
10
of
M
ic
h
al
ew
ic
z
(1
99
4)
.
C
on
si
d
er
on
e
p
os
si
b
le

st
at
em
en
t
of
th
e
T
S
P
(g
iv
en
a
se
t
of
N

el
em
en
ts
,
th
e
T
S
P
re
q
u
ir
es
to
�
n
d
th
e
p
er
m
u
ta
ti
on

of
th
os
e
el
em
en
ts
th
at
m
in
im
is
es
so
m
e
cr
it
er
io
n
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\B
ef
or
e
go
in
g
on
a
ro
ad
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ip
a
sa
le
sm
an
w
il
l
p
la
n
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ey
to
b
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m
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im
u
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on
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ye
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to
b
ri
n
g
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m
u
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n
es
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b
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If
h
e
is
re
q
u
ir
ed

to
v
is
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X
to
w
n
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in
n
o
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i�
c
or
d
er
,
p
as
si
n
g
th
ro
u
gh
ea
ch
on
ly
o
n
ce
to
m
ak
e
h
is
ca
ll
s.

W
h
ic
h
ro
u
te
sh
ou
ld
h
e
ta
ke
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It
w
ou
ld
th
er
ef
or
e
se
em

ob
v
io
u
s
to
ta
ke
ad
va
n
ta
ge
of
th
e
m
et
h
o
d
ol
og
y
u
se
d
fo
r
th
e
T
S
P

to
co
n
st
ru
ct
th
e
li
st
of
d
is
ti
n
ct
el
em
en
ts
fr
om
w
h
ic
h
w
e
h
op
e
to
co
n
st
ru
ct
th
e
D
E
M

ke
rn
el

m
at
ri
x
w
it
h
th
e
sm
al
le
st
p
os
si
b
le
co
n
d
it
io
n
n
u
m
b
er
.

T
h
e
co
n
st
ru
ct
io
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of
su
ch
a
li
st
of
d
is
ti
n
ct
el
em
en
ts
fr
om

a
re
fe
re
n
ce
li
st
w
it
h
p
os
si
b
le
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T
h
e
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ct
u
a
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F
o
rt
ra
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7
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d
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S
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T
O
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G
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in
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u
d
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p
p
en
d
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B
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6
It
is
n
o
te
d
th
a
t
th
e
C
h
ia
n
ti
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a
ta
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a
se
o
f
D
er
e
et
a
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p
p
ro
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u
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o
n
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R
E
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U
L
T
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T
ab
le
3.
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D
et
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e
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p
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et
er
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P
T
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ge
n
et
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o
d
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d
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3.2.
R
E
S
U
L
T
S

0
20

40
60

80
C

hannel N
um

ber (x)

0 50

100

150

Amplitude (A)

P
aram

eters: [ 10 90 6 50 70 3 80 40 4 ]

C
andidate E

rror: 5 %
B

‘ground P
aram

s:[ 30 0.5 0.002 ]

M
odel C

onfiguration
G

a−
G

A
 M

odel
C

U
R

V
E

F
IT

 M
odel

A
M

O
E

B
A

 M
odel

F
igu
re
3.7:
P
lot
of
th
e
th
ree
G
au
ssian
con
�
gu
ration
[
10
90
6
50
70
3
80
40
4
]
an
d
th
e

b
ack
grou
n
d
p
aram
eters,
a
=
30:0;b
=
0:5,
an
d
c
=
0:002
w
ith
a
5%
ran
d
om
n
oise
level.
S
ee

also
T
ab
le
3.3.

stan
d
ard
p
h
en
oty
p
e
calcu
lation
of
eq
u
ation
(3.1),
w
h
ich
th
en
b
ecom
es:

P
(x
)
j
=
a
+
bx
+
cx
2
+

NXi=
1
G
i (x
)

(3.4)

w
h
ere
a,
b
,
an
d
c
are
taken
from
th
e
ad
ap
ted
gen
oty
p
e
b
y
ad
d
in
g
[a
b
c
]
to
th
e
G
au
ssian

d
escrip
tion
p
aram
eters.
T
o
gen
erate
th
e
target
th
e
b
ack
grou
n
d
p
aram
eters
are
assign
ed
th
e

valu
es
a
=
30:0;b
=
0:5
an
d
c
=
0:002.

A
p
lot
of
th
e
target
solu
tion
(b
roken
lin
e)
an
d
th
e
b
est
p
h
en
oty
p
e
(�)
is
sh
ow
n
in
�
gu
re
3.7.

T
h
e
�
gu
re
also
sh
ow
s
th
e
p
ro�
le
retu
rn
ed
b
y
C
U
R
V
E
F
IT
(+
)
an
d
th
at
retu
rn
ed
b
y
A
M
O
E
B
A

(}
).
G
a
-G
A
's
estim
ate
of
th
e
b
ack
grou
n
d
p
aram
eters
are
a
=
29:243;b
=
0:554
an
d
c
=
0:002

(w
ith
resp
ective
errors
given
b
elow
).
G
a
-G
A
resu
lts
w
ere
retu
rn
ed
after
1000
gen
eration
s
an
d

th
e
m
ean
�
n
al
E
(x
)
w
as
0:8664,
w
ith
C
U
R
V
E
F
IT
giv
in
g
a
statistically
eq
u
ivalen
t
�
t
(0:8600)

an
d
A
M
O
E
B
A
b
y
a
factor
of
tw
o
(2:000).
T
h
e
fu
ll
resu
lts
of
th
e
p
aram
eterisation
for
all

th
ree
algorith
m
s
are
given
in
T
ab
le
3:3.

T
ab
le
5.1:
T
h
e
d
etails
of
th
e
em
ission
lin
es
u
sed
to
p
ro
d
u
ce
th
e
em
issiv
ities
in
th
is
ch
ap
ter.

O
n
ly
lin
es
in
th
e
ran
ge
of
th
e
C
D
S
an
d
S
U
M
E
R
in
stru
m
en
ts
on
S
O
H
O
w
ere
u
sed
(150-

�
1600
�A
).
N
otab
le
ex
cep
tion
s
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th
e
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b
elon
gin
g
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e
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e
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O
n
ce
th
e
ke
rn
el
m
at
ri
x
h
as
b
ee
n
`c
on
st
ru
ct
ed
'
w
e
m
u
st
as
se
ss
th
e
d
eg
re
e
of
n
u
m
er
ic
al

in
st
ab
il
it
y
an
d
n
on
-u
n
iq
u
en
es
s
p
re
se
n
t
in
th
e
d
is
cr
et
is
ed
fo
rm
of
eq
u
at
io
n
(5
.2
).
F
or
ob
se
rv
a-

ti
on
al
er
ro
rs
ÆI
l
in
th
e
to
ta
l
in
te
gr
at
ed
li
n
e
in
te
n
si
ty
I l
an
d
as
su
m
in
g
th
at
K
is
fr
ee
of
er
ro
r,

th
e
fr
ac
ti
on
al
er
ro
r
Æf
in
f
(s
e
)
is
gi
ve
n
b
y
(c
f.
eq
u
at
io
n
(2
.2
7)
)

kÆ
f
k

kf
k

�
C
K

�
kÆ
I
k
kI
k

(5
.3
)

w
h
er
e
k
�k
is
an
y
E
u
cl
id
ea
n
n
or
m
an
d
C
K

is
th
e
co
n
d
it
io
n
n
u
m
be
r
of
th
e
ke
rn
el
.

W
e
h
av
e
se
en
,
in
C
h
ap
te
r
2,
th
at
th
e
p
er
fe
ct
ly
co
n
d
it
io
n
ed
m
at
ri
x
h
as
C
K

=
1
an
d
is

th
e
id
en
ti
ty
m
at
ri
x
of
or
d
er
n
(I
n
�
n
)
or
an
y
d
ia
go
n
al
m
at
ri
x
.
S
im
il
ar
ly
,
w
e
h
av
e
se
en
th
at

ke
rn
el
m
at
ri
ce
s
w
it
h
a
h
ig
h
le
ve
l
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li
n
ea
r
d
ep
en
d
en
ce
of
th
ei
r
ro
w
s
h
av
e
ve
ry
la
rg
e
co
n
d
it
io
n

n
u
m
b
er
w
h
ic
h
te
n
d
s
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1
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th
e
d
eg
re
e
of
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n
ea
r
d
ep
en
d
en
ce
in
cr
ea
se
s.
S
o,
gi
ve
n
th
e
cr
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ic
al

d
ep
en
d
en
ce
of
so
lu
ti
on
s
f
(s
e
)
on
C
K
,
w
e
h
av
e
tw
o
h
y
po
th
e
ti
ca
l
q
u
es
ti
on
s
to
an
sw
er
:

Q
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\I
s
th
e
or
d
er
in
w
h
ic
h
d
is
cr
et
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ed
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is
si
v
it
ie
s
ar
e
p
la
ce
d
in
th
e
ke
rn
el
m
at
ri
x
im
p
or
ta
n
t

?"

A
1
N
o,
th
e
p
ro
p
er
ti
es
of
m
at
ri
ce
s
(d
et
er
m
in
an
t,
co
n
d
it
io
n
n
u
m
b
er
,
et
c)
re
m
ai
n
u
n
ch
an
ge
d

b
y
e
le
m
e
n
ta
ry
ro
w
o
pe
ra
ti
o
n
s
su
ch
as
ro
w
in
te
rc
h
an
ge
(s
ee
,
e.
g.
,
W
h
it
el
aw
19
83
).

Q
2
\W
h
en
w
e
ar
e
co
n
st
ru
ct
in
g
th
e
ke
rn
el
m
at
ri
x
fr
om
th
e
n
u
m
b
er
(X
)
of
p
os
si
b
le
li
n
es
in

th
e
ob
se
rv
ed
sp
ec
tr
u
m
,
w
h
ic
h
N

(N

<
X
;
u
si
n
g
ea
ch
on
ly
on
ce
)
sh
ou
ld
w
e
ch
o
os
e
su
ch

th
at
th
e
co
n
d
it
io
n
in
g
of
th
e
f
(s
e
)
in
ve
rs
e
p
ro
b
le
m
is
op
ti
m
is
ed
,
fo
r
ea
ch
ca
se
of
s e
?
If

su
ch
an
op
ti
m
al
su
b
se
t
ex
is
ts
,
w
h
at
p
h
y
si
ca
ll
y
m
ak
es
th
os
e
li
n
es
b
et
te
r
su
it
ed
th
an
th
os
e

n
ot
ch
os
en
?"

A
2
T
h
es
e
ar
e
p
re
ci
se
ly
th
e
q
u
es
ti
on
s
th
is
ch
ap
te
r
w
il
l
ad
d
re
ss
.

S
o,
ad
op
ti
n
g
th
e
sc
en
ar
io
of
Q
u
es
ti
on
2,
th
e
p
ro
b
le
m

h
as
a
p
ot
en
ti
al
ly
m
as
si
ve
n
u
m
-

b
er
(� X N

� =
X
!

N
!(
X
�
N
)!
)
of
p
os
si
b
le
\s
ol
u
ti
on
s"
.

In
th
is
ca
se
a
so
lu
ti
on
is
a
ve
ct
or
V
=

(v
1
;v
2
;:
::
;v
N
)
w
it
h
ea
ch
el
em
en
t,
v i
,
a
u
n
iq
u
e
li
n
e
id
en
ti
�
er
(e
ac
h
v i
ca
n
on
ly
ap
p
ea
r
on
ce

in
V
)
su
ch
th
at
th
e
co
n
d
it
io
n
n
u
m
b
er
C
K

of
K

is
m
in
im
is
ed
.
In
d
ee
d
,
to
u
n
d
er
st
an
d
w
h
at

su
ch
so
lu
ti
on
s
m
ea
n
w
e
re
q
u
ir
e
a
m
en
ta
l
p
ic
tu
re
of
w
h
at
th
e
d
i�
er
en
ce
b
et
w
ee
n
a
p
o
or
ly

co
n
d
it
io
n
ed
ke
rn
el
an
d
a
w
el
l
co
n
d
it
io
n
ed
on
e
is
.
R
ec
al
li
n
g
fr
om
ab
ov
e
th
at
th
e
co
n
d
it
io
n

n
u
m
b
er
is
,
if
on
ly
p
h
il
os
op
h
ic
al
ly
,
d
ir
ec
tl
y
p
ro
p
or
ti
on
al
to
th
e
d
eg
re
e
of
li
n
ea
r
d
ep
en
d
en
ce
in

th
e
ro
w
s
of
K
.
T
h
e
co
n

ic
ti
n
g
re
q
u
ir
em
en
ts
of
K

ar
e
cl
ea
r,
la
rg
e
n
u
m
b
er
s
of
li
n
es
en
su
re
s

th
at
th
e
co
ve
ra
ge
of
th
e
s e
d
om
ai
n
is
go
o
d
b
u
t
th
er
e
is
a
h
ig
h
va
lu
e
of
C
K
,
p
u
t
le
ss
li
n
es
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h
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gi
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of
th
e
so
la
r
sp
ec
tr
u
m

as
m
ea
su
re
d
u
si
n
g
th
e
S
U
M
E
R

in
st
ru
m
en
t
(s
ee
te
x
t
fo
r
d
et
ai
ls
).

T
h
e
to
p

p
an
el
sh
ow
s
th
e
av
er
ag
e
sp
ec
tr
u
m
,
in

co
u
n
ts
/p
ix
el
/s
ec
on
d
,
re
co
rd
ed
on
th
e
K
B
r
re
gi
on
of
th
e
d
et
ec
to
r.
P
os
it
io
n
s
of
k
n
ow
n
st
ro
n
g

li
n
es
ar
e
m
ar
ke
d
-
th
e
p
os
it
io
n
s
of
li
n
es
of
O
II
I
ar
e
m
ar
ke
d
as
su
m
in
g
th
at
th
ey
ar
e
fo
rm
ed
in

th
e
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co
n
d
or
d
er
.
T
h
e
b
ot
to
m
p
an
el
sh
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s
th
e
sa
m
e
th
in
g,
b
u
t
re
co
rd
ed
on
th
e
b
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e
p
ar
t
of

th
e
d
et
ec
to
r.
T
h
e
li
n
es
p
lo
tt
ed
w
it
h
sy
m
b
ol
s
sh
ow
th
e
sp
ec
tr
al
d
ec
om
p
os
it
io
n
in
to
�
rs
t
an
d

se
co
n
d
or
d
er
li
n
es
u
si
n
g
th
e
k
n
ow
n
se
n
si
ti
v
it
ie
s
fr
om
S
U
M
E
R
.



3.3.
A
N
A
L
Y
S
IS
O
F
A
Q
U
IE
T
S
U
N
S
U
M
E
R
S
P
E
C
T
R
U
M

an
d
20
G
au
ssian
s
to
b
e
p
resen
t
w
ith
on
con
stan
t
b
ack
grou
n
d
.
S
u
ch
`b
lin
d
'
�
ts
sh
ow
th
at
w
e

can
ob
tain
a
reliab
le
d
ecom
p
osition
of
th
e
en
tire
sp
ectru
m
.
A
n
ex
am
p
le
w
h
ere
a
`b
lin
d
'
ru
n

is
sign
i�
can
tly
b
etter
th
an
on
e
w
h
ere
a
p
rio
ri
k
n
ow
led
ge
is
u
sed
to
aid
in
th
e
d
ecom
p
osition

is
given
b
elow
(see
T
ab
le
3.4).

3
.3
.1

U
sin
g
A
d
d
itio
n
a
l
K
n
o
w
le
d
g
e

U
su
ally,
ex
tra
in
form
ation
ab
ou
t
th
e
sp
ectru
m
is
k
n
ow
n
,
an
d
it
m
ay
b
e
n
eed
ed
for
som
e
cases.

T
h
is
in
form
ation
can
b
e
`h
ard
-w
ired
'
in
to
G
a
-G
A
easily.
F
or
ex
am
p
le,
w
e
cou
ld
d
em
an
d
th
at

th
e
sp
ectral
d
ecom
p
osition
m
u
st
n
ot
con
tain
sp
ectral
d
etail
n
arrow
er
th
an
th
e
in
stru
m
en
tal

w
id
th
(�
in
st ).
O
r,
w
e
cou
ld
sp
ecify
th
at
relative
p
osition
s
(or
in
ten
sities)
of
lin
es
from
th
e

sam
e
ion
,
k
n
ow
n
to
great
accu
racy
from
lab
oratory
m
easu
rem
en
t,
b
e
�
x
ed
to
certain
valu
es.

S
u
ch
con
strain
ts
can
b
e
in
corp
orated
in
to
th
e
G
A
th
rou
gh
a
sim
p
le
m
o
d
i�
cation
of
th
e
�
tn
ess

evalu
ation
,
eq
u
ation
(3.3).
F
or
su
ch
an
ex
am
p
le
w
e
m
igh
t
u
se:

E
(x
)
=
�
2
+
C
i H
2(W

i ;�
in
st )
+
D
ij �
(X
i
�
X
j )
�
(X
la
b

i

�
X
la
b

j

) �
2

+
:::

(3.7)

w
h
ere
w
e
in
tro
d
u
ce
th
e
ad
d
ition
al
con
stan
ts
C
i
an
d
D
ij
to
con
trol
th
e
`trad
e-o�
'
b
etw
een
�
2

an
d
th
e
n
ew
ly
in
corp
orated
in
form
ation
,
an
d
w
h
ere
H
(W
i ;�
in
st )
w
ill
w
eigh
t
th
e
op
tim
isation

again
st
featu
res
n
arrow
er
th
an
�
in
st .
A
fu
tu
re
version
of
G
a
-G
A
m
ay
take
ad
van
tage
of
th
is

ad
d
ition
al
in
form
ation
to
act
as
d
esk
top
on
-lin
e
p
lasm
a
an
aly
sis
p
ackage.
R
ecall
h
ow
ever,

th
at
th
e
n
u
m
b
er
of
p
aram
eters
in
th
e
calcu
lation
e�
ects
th
e
rate
of
con
vergen
ce
(S
ection
3.2.1

an
d
S
ection
3.2.2).

T
h
e
low
er
p
an
el
of
�
gu
re
3.9
sh
ow
s
th
e
resu
lts
of
a
G
a
-G
A
d
ecom
p
osition
w
h
ere
w
e
h
ave

in
clu
d
ed
a
lin
e
list
of
all
th
e
lin
es
m
arked
in
u
p
p
er
p
an
el
of
�
gu
re
3.8,
th
e
im
p
lem
en
tation

of
th
is
is
d
iscu
ssed
b
elow
.
T
h
e
`�
x
ed
'
w
avelen
gth
d
ecom
p
osition
3
(see
resu
lts
in
T
ab
le
3.4)

tells
u
s
ad
d
ition
al
in
form
ation
ab
ou
t
th
e
sp
ectru
m
;
th
ere
is
an
average
red
sh
ift
of
0.070
�A
of

th
e
lin
es
in
th
e
list
from
th
eir
referen
ce
p
osition
.
T
h
is
corresp
on
d
s
to
a
velo
city
of
arou
n
d
10

k
m
/s.
T
h
e
com
p
arison
of
th
e
con
trib
u
tion
s
b
etw
een
�
rst
an
d
secon
d
ord
er
lin
es
in
th
e
1404

-
1408
�A
region
sh
ow
s
th
at
G
a
-G
A
can
su
ccessfu
lly
d
ecom
p
ose
a
real,
con
volu
ted
sp
ectru
m
,

in
to
m
ean
in
gfu
l
com
p
on
en
ts.

3T
h
e
p
ro
�
les
co
m
p
u
ted
a
re
a
llow
ed
to
d
ev
ia
te
fro
m
th
e
referen
ce
w
av
elen
g
th
b
y,
a
t
m
o
st
0
:1
�A
.

d
i�
eren
tial
em
ission
m
easu
re
(D
E
M
)
fu
n
ction
s
d
iscu
ssed
in
th
e
p
rev
iou
s
ch
ap
ters.
H
ow
ever,

th
e
p
ro
cess
of
in
ferrin
g
su
ch
a
d
istrib
u
tion
of
q
u
an
tities
is
n
ot
on
e
to
b
e
taken
ligh
tly
sin
ce

it
is
`b
o
ob
y
-trap
p
ed
'
w
ith
n
u
m
erical
in
stab
ility
an
d
n
on
-u
n
iq
u
en
ess.
P
rev
iou
s
w
ork
on
th
ese

D
E
M
p
rob
lem
s
h
ave
con
cen
trated
on
th
e
p
h
y
sical
n
atu
re
of
th
e
em
ission
lin
es
u
sed
,
in
clu
d
in
g

w
ork
d
iscu
ssed
in
th
is
th
esis.
H
ow
ever,
w
e
p
resen
t
a
n
ew
ap
p
roach
in
an
e�
ort
to
red
u
ce,
as

m
u
ch
as
p
ossib
le,
th
e
am
b
igu
ity
of
su
ch
p
o
orly
con
d
ition
ed
in
verse
p
rob
lem
s.
W
e
d
o
th
is
b
y

con
sid
erin
g
th
e
m
ath
em
atical
p
rop
erties
of
th
e
solar
U
V
/E
U
V
em
ission
lin
es
an
d
n
ot
on
ly

th
eir
p
h
y
sical
p
rop
erties,
i.e.
th
e
n
e ,
T
e
sen
sitiv
ity
of
each
.

W
e
h
ave
seen
th
at,
as
far
as
in
verse
p
rob
lem
s
are
con
cern
ed
,
th
e
u
n
iq
u
en
ess
an
d
n
u
m
er-

ical
stab
ility
of
th
e
solu
tion
is
acu
tely
sen
sitive
to
th
e
con
d
ition
in
g
of
th
e
resu
ltin
g
m
atrix

eq
u
ation
.
F
or
th
e
D
E
M

in
verse
p
rob
lem
s
w
e
m
u
st
m
ax
im
ize
th
e
`p
oten
tial'
of
th
e
d
ata
in
-

version
an
d
w
e
w
ill
see
th
at
th
e
ch
oice
of
lin
es
2
to
an
aly
se
w
ill
h
elp
ach
ieve
th
is
goal.
T
h
e

freed
om
p
resen
t
in
th
e
D
E
M

p
rob
lem
s
(con
stru
ction
of
kern
el
m
atrices)
can
b
e
ex
p
loited
to

d
isclose
an
op
tim
al
set
of
lin
es
from
th
e
U
V
/E
U
V
lin
es
in
th
e
w
avelen
gth
ran
ge
of
th
e
S
O
H
O

C
D
S
/S
U
M
E
R
in
stru
m
en
ts
(150
�
1610
�A
).

F
or
ex
am
p
le,
con
sid
er
th
e
em
ission
lin
e
lab
elled
l
w
ith
total
in
tegrated
lin
e
in
ten
sity
(I
l )

given
b
y
th
e
d
ou
b
le
in
tegral
in
term
s
of
n
e
an
d
T
e
as

I
l
= Z

T
e Z
n
e

K
l (n
e ;T
e )
�
(n
e ;T
e )
d
n
e
d
T
e :

(5.1)

w
h
ere
�
(n
e ;T
e )
an
d
K
l (n
e ;T
e )
are
as
d
e�
n
ed
p
rev
iou
sly.
E
q
u
ation
(5.1)
can
,
as
d
em
on
strated

in
C
h
ap
ters
2
an
d
4,
b
e
red
u
ced
to
a
u
n
ivariate
F
red
h
olm
in
tegral
eq
u
ation
of
th
e
form

I
l
= Z

s
e

K
l (s
e )
f
(s
e )
d
s
e

(5.2)

w
h
ere
(for
p
lasm
a
ch
aracteristic
s
e

=

n
e ;T
e )
K
l (s
e )
is
th
e
lin
e
em
issiv
ity
3
an
d
f
(s
e )
is

rep
resen
tative
of
th
e
d
i�
eren
tialem
ission
m
easu
re
in
eith
er
n
e
or
T
e .
W
e
h
ave
n
oted
p
rev
iou
sly

(C
h
ap
ter
2)
th
at
on
e
su
ch
eq
u
ation
w
ill
on
ly
allow
u
s
to
reliab
ly
sp
ecify
f
(s
e )
at
on
e
ch
osen

s
e
p
oin
t
sin
ce
w
e
on
ly
h
ave
on
e
d
ata
p
oin
t
I
l .
S
o,
if
w
e
ob
serve
N
em
ission
lin
es
an
d
d
iscretise

eq
u
ation
(5.2)
at
M

p
oin
ts
in
s
e
w
e
w
ill
h
ave
to
b
u
ilt
a
m
atrix
eq
u
ation
arou
n
d
an
M

�
N

m
atrix
(K
M
�
N
),
th
e
k
e
rn
e
l
m
atrix
4
of
th
e
in
tegral
eq
u
ation
.

2F
o
r
b
rev
ity,
th
e
term
`lin
e'
w
ill
b
e
u
sed
fo
r
em
issio
n
lin
e.

3T
h
e
term
`em
issiv
ity
'
is
u
sed
th
ro
u
g
h
o
u
t
th
is
ch
a
p
ter
to
rep
resen
t
th
e
lin
e
em
issio
n
co
eÆ
cien
t
n
o
rm
a
lised

b
y
n
2e .

4F
o
r
th
e
rest
o
f
th
is
ch
a
p
ter
w
e
w
ill
u
se
th
e
term
`k
ern
el'
to
m
ea
n
th
e
k
ern
el
m
a
trix
o
f
th
e
in
teg
ra
l
eq
u
a
tio
n
,

o
ften
b
y
sim
p
ly
referrin
g
to
K
.



4.
5.
D
IS
C
U
S
S
IO
N

F
ig
u
re
4.
25
:
P
lo
ts
of
th
e
th
re
e
R
IT
so
lu
ti
on
s
p
re
se
n
te
d
in
�
gu
re
s
4.
22
,
4.
23
an
d
4.
24
fo
r
th
e

th
re
e
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s.
T
h
e
so
li
d
li
n
e
is
th
e
R
IT
so
lu
ti
on
fo
r
th
e
�
rs
t
or
d
er
sm
o
o
ot
h
in
g

fu
n
ct
io
n
al
w
it
h
th
e
d
ot
-d
as
h
li
n
e
an
d
d
ot
-d
ot
-d
as
h
li
n
es
th
os
e
so
lu
ti
on
s
fr
om
th
e
se
co
n
d
or
d
er

an
d
M
ax
im
u
m

E
n
tr
op
y
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s
re
sp
ec
ti
ve
ly
.
A
ll
of
th
e
so
lu
ti
on
s
p
re
se
n
te
d

ag
re
e
w
it
h
th
e
si
n
gl
e
p
ea
k
D
E
M

in
th
e
6
<
lo
g
1
0
T
e
<
7
re
gi
on
.
It
is
n
ot
ed
th
at
th
er
e
ar
e

co
n
si
d
er
ab
le
d
i�
er
en
ce
s
in
th
e
re
co
ve
re
d
fu
n
ct
io
n
s
(p
ar
ti
cu
la
rl
y
�
rs
t
an
d
se
co
n
d
or
d
er
)
an
d

to
as
se
ss
w
et
h
er
on
e
so
lu
ti
on
is
\b
et
te
r"
th
an
th
e
ot
h
er
s
re
q
u
ir
es
th
at
w
e
co
n
si
d
er
th
ei
r
�
n
al

�
2
va
lu
es
fo
r
th
e
op
ti
m
al
sm
o
ot
h
in
g
p
ar
am
et
er
u
se
d
.
In
th
is
ca
se
,
th
er
e
is
li
tt
le
d
i�
er
en
ce
in

th
es
e
�
n
al
va
lu
es
an
d
w
e
ca
n
st
at
e
th
at
th
es
e
so
lu
ti
on
s
ar
e
st
at
is
ti
ca
ll
y
eq
u
iv
al
en
t.

3.
4.
D
IS
C
U
S
S
IO
N

3
.4

D
is
cu
ss
io
n

W
e
h
av
e
p
re
se
n
te
d
a
h
eu
ri
st
ic
se
ar
ch
al
go
ri
th
m

fo
r
th
e
d
et
ec
ti
on
an
d
an
al
y
si
s
of
sp
ec
tr
al

li
n
es
,
w
h
ic
h
is
fr
ee
of
op
er
at
or
b
ia
s
an
d
ro
b
u
st
ag
ai
n
st
p
o
or
or
n
oi
sy
d
at
a.
D
at
a
ar
e
�
tt
ed

si
m
u
lt
an
eo
u
sl
y,
an
d
n
ot
se
q
u
en
ti
al
ly
,
th
er
ef
or
e
li
m
it
in
g
th
e
p
ro
p
ag
at
io
n
of
sy
st
em
at
ic
er
ro
rs

th
ro
u
gh
th
e
p
ro
ce
d
u
re
.
C
o
d
in
g
is
si
m
p
le
to
w
ri
te
an
d
ea
sy
to
u
se
,
n
ee
d
in
g
m
in
im
al
op
er
at
or

in
p
u
t.
H
ow
ev
er
,
th
e
si
m
p
li
ci
ty
of
th
e
G
A
u
se
d
h
er
e
p
la
ce
s
li
m
it
at
io
n
s
on
th
e
am
ou
n
t
of

in
fo
rm
at
io
n
th
at
ca
n
b
e
ex
tr
ac
te
d
fr
om
sp
ec
tr
a.
A
lt
h
ou
gh
th
er
e
is
n
o
p
ra
ct
ic
al
li
m
it
to
th
e

n
u
m
b
er
of
p
ar
am
et
er
s
u
se
d
in
th
e
ge
n
et
ic
d
ec
om
p
os
it
io
n
,
th
e
eÆ
ci
en
cy
w
it
h
w
h
ic
h
th
e
on
e

p
oi
n
t
cr
os
s-
ov
er
op
er
at
or
`e
x
p
lo
re
s'
th
e
so
lu
ti
on
sp
ac
e
d
ec
re
as
es
as
th
e
n
u
m
b
er
of
p
ar
am
et
er
s

in
cr
ea
se
s.
H
ow
ev
er
,
su
ch
a
p
ro
b
le
m
ca
n
b
e
co
u
n
te
re
d
si
m
p
ly
b
y
u
si
n
g
a
m
u
lt
ip
le
p
oi
n
t
cr
os
s-

ov
er
op
er
at
or
(s
ee
d
is
cu
ss
io
n
in
G
ol
d
b
er
g
19
89
).
S
u
ch
ad
ap
ta
ti
on
s
ar
e
si
m
p
le
to
m
ak
e
in
an
y

G
A
co
d
e.

In
ca
se
s
w
h
er
e
d
at
a
is
m
or
e
p
o
or
ly
sa
m
p
le
d
or
n
oi
si
er
th
an
th
os
e
ex
am
in
ed
h
er
e,
co
n
ve
r-

ge
n
ce
ti
m
es
m
ay
b
ec
om
e
lo
n
ge
r
th
an
th
e
fe
w
m
in
u
te
s
or
so
ty
p
ic
al
of
th
e
ex
am
p
le
s
sh
ow
n
.

It
is
cl
ea
r
fr
om
th
e
C
P
U
ti
m
es
(T
C
P
U
)
gi
ve
n
in
T
ab
le
s
3.
1
an
d
3.
2
th
at
al
th
ou
gh
G
a
-G
A
is

n
ot
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`f
as
t'
as
C
U
R
V
E
F
IT
w
e
ca
n
se
e
th
at
th
e
u
se
r
m
u
st
co
m
p
ro
m
is
e
b
et
w
ee
n
ru
n
ti
m
e
an
d

th
e
d
eg
re
e
of
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cu
ra
cy
re
q
u
ir
ed
si
n
ce
G
a
-G
A
h
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cl
ea
rl
y
d
em
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st
ra
te
d
it
s
u
se
fu
ln
es
s
in
th
e

p
re
se
n
ce
of
q
u
it
e
se
ve
re
n
oi
se
.
P
re
su
m
ab
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th
er
e
is
al
so
a
tr
ad
e-
o�
b
et
w
ee
n
p
o
or
er
sa
m
p
li
n
g

(i
.e
.
fe
w
er
p
oi
n
ts
)
sa
v
in
g
on

oa
ti
n
g
p
oi
n
t
op
er
at
io
n
s,
an
d
n
oi
si
er
d
at
a
le
ad
in
g
to
m
an
y
m
or
e

�
tt
in
g
at
te
m
p
ts
.
M
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g
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e
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n
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rg
en
ce
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e
G
A
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e
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s
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ed
h
er
e
in
d
ic
at
es
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at
it
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ad
ep
t
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ra
p
id
ly
�
tt
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g
th
e
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e
sc
al
e
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tr
al
fe
at
u
re
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d
p
ro
gr
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ve
ly
sl
ow
er

at
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al
le
r
sc
al
es
.
T
h
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ca
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g
n
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u
re
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n
tr
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e
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at
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n
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a
G
A
,
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d
u
n
d
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p
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s
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y
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e
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ce
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n
oi
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d
at
a
(t
h
e
n
oi
se
b
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n
g
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th
e
sm
al
le
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sc
al
e
is
�
tt
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st
).
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n
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e
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m
p
u
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ra
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h
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w
ar
d
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n
ce
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e
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n
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at
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n
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il
d
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in
d
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d
en
t
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u
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tl
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th
e
ge
n
er
at
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n
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p
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r
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d
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ri
n
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an
d
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th
e
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ri
th
m
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n
d
s
it
se
lf
n
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u
ra
ll
y
to
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al
le
li
sa
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.
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n
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p
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,
w
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G
A
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g
a
b
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t
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l
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m
at
e
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e
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�
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r
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g
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s
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re
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it
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C
h
a
p
te
r
4

N
e
w

lig
h
t
o
n
th
e
so
lu
tio
n
o
f
D
E
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v
e
r
se
p
r
o
b
le
m
sT

h
is
C
h
a
p
te
r

S
pectro
sco
p
ic
d
ia
gn
o
sis
o
f
th
e
tem
pera
tu
re
a
n
d
d
en
sity
stru
ctu
re
o
f
h
o
t
o
p
tica
lly
th
in
p
la
sm
a
s

fro
m
em
issio
n
lin
e
in
ten
sities
is
u
su
a
lly
d
escribed
in
tw
o
w
a
ys.
T
h
e
sim
p
lest
a
p
p
roa
ch
,
th
e
`lin
e

ra
tio
'
m
eth
od
,
u
ses
a
n
o
bserved
ra
tio
o
f
em
issio
n
lin
e
in
ten
sities
to
d
eterm
in
e
a
`spectro
sco
p
ic

m
ea
n
va
lu
e'
o
f
electro
n
tem
pera
tu
re
h
T
e i
o
r
electro
n
d
en
sity
h
n
e i.
T
h
e
m
ea
n
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lu
e
is
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to
be
th
e
h
o
m
ogen
eo
u
s
th
eo
retica
l
va
lu
e
o
f
T
e

o
r
n
e

w
h
ich
m
a
tch
es
th
a
t
ra
tio
o
f
o
bserved
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e

in
ten
sities.
T
h
e
lin
e
ra
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m
eth
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d
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g
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d
e�
n
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lu
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o
f
h
T
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o
r
h
n
e i
fo
r

ea
ch
lin
e
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bu
t
in
th
e
o
u
ter
so
la
r
a
tm
o
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h
ere
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h
igh
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h
o
m
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u
s
p
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a
)
su
ch
m
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n

va
lu
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a
re
h
a
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ret
sin
ce
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e
pa
ir
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s
d
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eren
t
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n
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ra
m
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T
h
e

m
o
re
gen
era
l
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eren
tia
l
em
issio
n
m
ea
su
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(D
E
M
)
m
eth
od
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th
a
t
o
bserved
p
la
sm
a
s

a
re
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d
escribed
by
D
E
M

d
istribu
tio
n
s
o
f
tem
pera
tu
re
o
r
d
en
sity
o
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th
e
o
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p
la
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a

vo
lu
m
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n
d
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e
p
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th
e
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o
f
d
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g
th
e
D
E
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n
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n
s
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m

th
e
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m
p
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e
set.
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w
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o
w
n
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a
t
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e
D
E
M
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n
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n
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e
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n
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a
n
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p
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a
n
d
ca
n
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a
s
a
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n
ctio
n
o
f
T
e ,
n
e ,
o
r
bo
th
.
D
eriva
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n
o
f
D
E
M
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n
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n
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w
h
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era
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n
sid
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m
o
re
rigo
ro
u
s,
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u
n
sta
ble
to
n
o
ise
a
n
d
erro
rs
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l
a
n
d
a
to
m
ic
d
a
ta
.
T
h
is

C
h
a
p
ter
h
igh
ligh
ts
w
o
rk
o
n
th
e
D
E
M

in
verse
p
ro
blem
s
d
iscu
ssed
in
th
e
p
revio
u
s
ch
a
p
ters
a
n
d

p
resen
ts
a
n
o
vel
G
en
etic
A
lgo
rith
m

ba
sed
tech
n
iqu
e
fo
r
circu
m
ven
tin
g
th
e
e�
ects
p
rod
u
ced
by

system
a
tic
erro
rs
p
resen
t
in
th
e
a
to
m
ic
m
od
els.

K
n
ow
led
ge
of
th
e
d
en
sities
an
d
tem
p
eratu
res
of
sp
ace
p
lasm
as
is
essen
tial
if
w
e
are
to

u
n
d
erstan
d
th
eir
m
ost
b
asic
stru
ctu
re
an
d
tran
sp
ort
p
ro
cesses
in
th
em
.
W
ith
ou
t
th
is
k
n
ow
l-

ed
ge,
alm
ost
n
oth
in
g
can
b
e
said
from
d
ata
regard
in
g
th
e
gen
eration
an
d
tran
sp
ort
of
m
ass,

4.5.
D
IS
C
U
S
S
IO
N

F
igu
re
4.24:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
op
eratin
g
on
S
E
R
T
S
-89
d
ata
w
ith
a
M
a
x
im
u
m

E
n
tro
p
y
sm
o
oth
in
g
fu
n
ction
al.
T
h
e
u
p
p
er
p
lot
in
d
icates
th
at
th
e
solu
tion
m
in
im
isin
g
vector

v
=
(�
;D
2;�
2)
is
ob
tain
ed
for
a
sm
o
oth
in
g
p
aram
eter
�
o
p
t
of
0.050
an
d
w
ith
an
asso
ciated

�
2

of
7.334.
T
h
e
low
er
p
lots
sh
ow
s
th
is
op
tim
al
solu
tion
(left)
an
d
th
e
recovery
of
th
e

ob
served
lin
e
ratios
(R
o
bs
an
d
R
ca
lc
are
given
b
y
�
an
d
�
resp
ectively
)
w
ith
th
eir
asso
ciated

ob
servation
al
errors
(righ
t).
T
h
e
solu
tion
sh
ow
n
clearly
agrees
w
ith
th
e
sin
gle
p
eak
D
E
M

in

th
e
6
<
log
1
0
T
e
<
7
region
.
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f.
?
?
an
d
?
?
).
It
is
w
or
th
ac
k
n
ow
le
d
gi
n
g
th
at
?
?
fo
u
n
d
th
at
as
th
e
n
u
m
b
er
of

ra
ti
os
u
se
d
is
in
cr
ea
se
d
th
e
ra
ti
o
es
ti
m
at
es
as
y
m
p
to
ti
ca
ll
y
ap
p
ro
ac
h
th
ei
r
p
h
y
sc
ia
l
va
lu
es
.

T
h
e
ex
ac
t
re
la
ti
on
sh
ip
b
et
w
ee
n
th
e
tw
o
ap
p
ro
ac
h
es
h
as
n
ev
er
b
ee
n
ex
p
lo
re
d
in
d
ep
th
,

al
th
ou
gh
p
ar
ti
cu
la
r
si
tu
at
io
n
s
w
er
e
d
is
cu
ss
ed
b
y
?
?
.
M
ot
iv
at
ed
b
y
th
is
,
b
y
th
e
ad
ve
n
t
of
n
ew

d
at
a
fr
om
th
e
C
D
S
an
d
S
U
M
E
R
in
st
ru
m
en
ts
on
th
e
S
O
H
O
sp
ac
ec
ra
ft
,
an
d
b
y
th
e
d
es
ir
e
to

re
m
ov
e
th
e
la
rg
e
so
u
rc
es
of
sy
st
em
at
ic
er
ro
r
th
at
p
la
gu
e
in
ve
rs
io
n
s
of
em
is
si
on
li
n
e
d
at
a
(e
.g
.,

?
?
;
J
u
d
ge
et
al
.
19
97
),
w
e
st
u
d
y
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
th
es
e
tw
o
m
et
h
o
d
s.
W
e
sh
ow
b
el
ow

th
at
th
er
e
is
a
p
re
ci
se
co
rr
es
p
on
d
en
ce
b
et
w
ee
n
D
E
M
fu
n
ct
io
n
s
an
d
a
su
it
ab
le
co
m
p
le
te
se
t
of

m
ea
n
sp
ec
tr
os
co
p
ic
d
en
si
ti
es
an
d
/o
r
te
m
p
er
at
u
re
s
in
si
tu
at
io
n
s
w
h
er
e
th
es
e
ca
n
b
e
d
e�
n
ed
.

A
ft
er
es
ta
b
li
sh
in
g
th
is
ex
ac
t
re
la
ti
on
sh
ip
b
et
w
ee
n
th
e
li
n
e
ra
ti
o
an
d
fu
ll
D
E
M

in
ve
rs
io
n

te
ch
n
iq
u
es
w
e
p
u
rs
u
e
a
m
et
h
o
d
u
si
n
g
th
e
b
es
t
fe
at
u
re
s
of
b
ot
h
m
et
h
o
d
s
to
im
p
ro
ve
th
e

st
ab
il
it
y
of
in
ve
rs
io
n
s
fo
r
�(
T
e
),
�
(n
e
)
an
d
�
(n
e
;T
e
).
In
S
ec
ti
on
4.
2
w
e
d
em
on
st
ra
te
th
at
su
ch

a
`h
y
b
ri
d
'
m
et
h
o
d
al
le
v
ia
te
s
th
e
co
n
d
it
io
n
in
g
an
d
st
ab
il
it
y
e�
ec
ts
in
tr
o
d
u
ce
d
in
C
h
ap
te
r
2

an
d
in
J
u
d
ge
et
al
.
(1
99
7)
.
S
ta
te
d
si
m
p
ly
,
w
e
p
ro
p
os
e
a
n
ov
el
`f
u
si
on
'
of
th
es
e
tw
o
b
as
ic

te
ch
n
iq
u
es
,
th
e
R
at
io
In
ve
rs
io
n
T
ec
h
n
iq
u
e
(R
IT
),
th
at
ca
n
ac
h
ie
ve
n
u
m
er
ic
al
ly
st
ab
le
,
an
d

h
en
ce
m
or
e
re
li
ab
le
,
so
u
rc
e
fu
n
ct
io
n
s
of
th
e
em
it
ti
n
g
re
gi
on
of
th
e
so
la
r
p
la
sm
a.
T
h
e
R
IT

al
go
ri
th
m

is
d
is
cu
ss
ed
in
S
ec
ti
on
4.
2.
2
w
h
il
e
re
su
lt
s
fo
r
se
ve
ra
l
m
o
d
el
D
E
M

fu
n
ct
io
n
s
(f
or

�(
T
e
)
an
d
�
(n
e
))
ar
e
d
is
cu
ss
ed
in
S
ec
ti
on
4.
3.
In
S
ec
ti
on
4.
4,
to
co
m
p
le
te
ou
r
an
al
y
si
s,
w
e

ap
p
ly
th
e
R
IT
to
so
la
r
ac
ti
ve
re
gi
on
sp
ec
tr
a
ob
ta
in
ed
b
y
th
e
S
ol
ar
E
U
V
R
o
ck
et
T
el
es
co
p
e

(S
E
R
T
S
)
in
19
89
(T
h
om
as
&
N
eu
p
er
t
19
94
)
to
re
co
ve
r
a
fo
rm
fo
r
�(
T
e
).
W
e
co
m
p
ar
e
th
e

re
su
lt
in
g
fo
rm
of
�(
T
e
)
w
it
h
th
os
e
ob
ta
in
ed
in
d
ep
en
d
en
tl
y
b
y
B
ri
ck
h
ou
se
et
al
.
(1
99
5)
,
L
an
d
i

&
L
an
d
in
i
(1
99
7)
an
d
L
an
za
fa
m
e
et
al
.
(1
99
8)
.
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R
e
la
ti
o
n
b
e
tw
e
e
n
li
n
e
ra
ti
o
a
n
d
e
m
is
si
o
n
m
e
a
su
re
a
n
a
ly
se
s

B
ef
or
e
co
m
m
en
ci
n
g
w
it
h
th
e
d
er
iv
at
io
n
of
th
e
fo
rm
al
re
la
ti
on
sh
ip
b
et
w
ee
n
a
se
t
of
sp
ec
tr
o-

sc
op
ic
m
ea
n
va
lu
es
fr
om
em
is
si
on
li
n
e
ra
ti
os
an
d
th
e
em
it
ti
n
g
p
la
sm
as
so
u
rc
e
fu
n
ct
io
n
(t
h
e

D
E
M

fu
n
ct
io
n
s
d
is
cu
ss
ed
ab
ov
e)
w
e
m
u
st
re
-a
d
d
re
ss
,
an
d
co
m
p
le
te
,
so
m
e
of
th
e
co
n
ce
p
ts

in
tr
o
d
u
ce
d
in
th
e
p
re
v
io
u
s
ch
ap
te
r.
In
p
ar
ti
cu
la
r
th
e
d
et
ai
ls
of
op
ti
ca
ll
y
th
in
li
n
e
em
is
si
on
at

or
n
ea
r
co
ro
n
al
io
n
is
at
io
n
eq
u
il
ib
ri
u
m
in
a
h
ig
h
ly
n
on
-L
T
E
p
la
sm
a.
W
e
b
eg
in
b
y
co
n
si
d
er
in
g



4.1.
R
E
L
A
T
IO
N
B
E
T
W
E
E
N
L
IN
E
R
A
T
IO
A
N
D
E
M
IS
S
IO
N
M
E
A
S
U
R
E
A
N
A
L
Y
S
E
S

th
e
total
p
ow
er
P
i
rad
iated
b
y
a
p
articu
lar
sp
ectral
lin
e
lab
elled
i.
S
o,
for
an
op
tically
th
in

p
lasm
a
o
ccu
p
y
in
g
a
volu
m
e
V
is

P
i
= ZZZ

V
h
�
i A
i n
u
(i) d
V

erg
s
�
1

(4.1)

w
h
ere
h
is
P
lan
ck
's
con
stan
t,
�
i
is
th
e
freq
u
en
cy
of
th
e
lin
e,
A
i
(s
�
1)
is
th
e
E
in
stein
A
-

co
eÆ
cien
t,
an
d
n
u
(i)
(cm

�
3)
is
th
e
p
op
u
lation
d
en
sity
of
th
e
u
p
p
er
level
u
(i).
F
ollow
in
g

stan
d
ard
p
ractice,
w
e
d
e�
n
e
a
lin
e
em
ission
co
eÆ
cien
t,
K
i (n
e (r);T
e (r)),
n
orm
alised
to
th
e

electron
d
en
sity
sq
u
ared
as

K
i (n
e (r);T
e (r))
=
h
�
i

4�
n
u
(i) A
i

n
2e

erg
cm
3
sr
�
1
s
�
1;

(4.2)

th
en
eq
u
ation
(4.1)
b
ecom
es

P
i
=
4� Z

V
K
i (n
e (r);T
e (r))
n
2e (r)
d
3r

erg
s
�
1:

(4.3)

W
e
rem
in
d
th
e
read
er
th
at
to
w
rite
th
e
eq
u
ation
in
th
is
form

w
e
h
ave
m
ad
e
several
im
-

p
licit
assu
m
p
tion
s,
th
ese
are
assu
m
p
tion
s
are
stated
in
C
h
ap
ter
2.
W
e
h
ave
ob
served
th
at

K
i (n
e (r);T
e (r))
is
alm
ost
in
d
ep
en
d
en
t
of
d
en
sity
n
e
for
collision
ally
ex
cited
p
erm
itted
tran
-

sition
s
d
ecay
in
g
to
th
e
grou
n
d
state
of
a
given
ion
.

E
q
u
ation
(4.3),
w
ith
fu
ll
d
ep
en
d
en
ce
on
n
e
an
d
T
e ,
can
b
e
form
u
lated
in
term
s
of
a

fu
n
ction
of
electron
d
en
sity
an
d
tem
p
eratu
re.
T
h
is
fu
n
ction
w
as
id
en
ti�
ed
ab
ove
as
th
e

b
ivariate
D
E
M

fu
n
ction
of
n
e
an
d
T
e ,
n
am
ely
�
(n
e ;T
e ).
If
w
e
follow
th
e
p
ro
ced
u
re
u
sed
to

form
u
late
eq
u
ation
(2.68)
for
th
e
lin
e
in
ten
sity
I
i
an
d
n
ot
th
e
total
rad
iated
p
ow
er
P
i ,
w
e

h
ave
I
i
=
P
i =(4�
S
),
w
h
ere
S
is
th
e
area
of
th
e
p
ro
jected
volu
m
e
V
an
d

I
i
= Z

T
e Z
n
e
K
i (n
e ;T
e )�
(n
e ;T
e )
d
n
e d
T
e

erg
cm
�
2
sr
�
1
s
�
1
:

(4.4)

A
gain
,
w
e
d
e�
n
e
th
e
d
i�
eren
tial
em
ission
m
easu
re
in
n
e ,
�
(n
e ),
as
th
e
recip
ro
cal
d
en
sity
-

grad
ien
t-w
eigh
ted
m
ean
sq
u
are
electron
d
en
sity
an
d
,
corresp
on
d
in
gly
th
e
d
i�
eren
tial
em
ission

m
easu
re
in
T
e ,
�(T
e )
as
th
e
recip
ro
cal
tem
p
eratu
re-grad
ien
t-w
eigh
ted
m
ean
sq
u
are
electron

d
en
sity,
ob
tain
ed
from
eq
u
ation
(2.67),
as
follow
s:

�
(n
e )
= Z

T
e
�
(n
e ;T
e )d
T
e

cm
�
2

(4.5)

�(T
e )
= Z

n
e
�
(n
e ;T
e )d
n
e

cm
�
5
K
�
1

(4.6)

A
s
d
iscu
ssed
p
rev
iou
sly,
in
th
e
con
tex
t
of
in
verse
m
eth
o
d
ology,
th
ese
m
om
en
ts
are
th
e

b
est
w
ay
to
in
terp
ret
th
e
raw
ob
served
d
ata
to
h
elp
d
eterm
in
e
th
e
en
ergy
b
alan
ce
(J
ord
an

4.5.
D
IS
C
U
S
S
IO
N

(10,000)
for
a
30
p
oin
t
tem
p
eratu
re
d
iscretisation
.
T
h
e
lin
e
em
issiv
ities
are
calcu
lated
at
a

�
x
ed
electron
d
en
sity
(n
e
=
5
�
10
9
cm
�
3;
L
an
zafam
e
et
al.
1998)
ob
tain
ed
u
sin
g
a
sin
gle

d
en
sity
sen
sitive
lin
e
ratio
8.

F
rom
th
e
`stron
ger'
of
th
e
269
em
ission
lin
es
ob
served
w
e
h
ave
selected
24
`C
orrelated
'

p
airs
of
lin
es
from

th
e
sam
e
ion
isation
stage
(to
m
in
im
ise
likely
sy
stem
atic
u
n
certain
ties,

leav
in
g
essen
tially
b
-b
rate
errors
on
ly
).
A
s
ab
ove,
w
e
calcu
late
th
e
valu
e
of
�
lt
h

for
each

ratio
p
air
l
u
sin
g
th
e
recip
e
of
S
ection
4.2.1
an
d
p
resen
t
th
e
d
etails
(w
avelen
gth
,
in
ten
sities,

ob
servation
al
errors
an
d
fraction
al
th
eoretical
errors
�
l )
of
each
ratio
p
air
in
T
ab
le
4.5.
N
ote

th
at
all
th
e
valu
es
of
�
l
lie
in
th
e
2-7
%
ran
ge.

F
igu
res
4.22
th
rou
gh
4.24
sh
ow
th
e
d
etails
of
th
e
R
IT
ru
n
s
for
th
e
�
rst,
secon
d
ord
er
an
d

M
E
sm
o
oth
in
g
fu
n
ction
als
resp
ectively.
A
s
for
�
gu
re
4.4
w
e
p
resen
t
th
ese
glob
al
resu
lts
for

th
e
vector
v
(=
(�
;
D
2;
�
2))
an
d
in
d
icate
th
e
solu
tion
w
ith
th
e
m
in
im
u
m
kv
k
2
on
th
e
cu
rve

b
y
�.
T
h
is
`op
tim
al'
solu
tion
is
p
lotted
in
th
e
low
er
left
of
each
�
gu
re.
S
im
ilarly,
in
th
e
low
er

righ
t
of
th
e
�
gu
res,
w
e
p
lot
th
e
calcu
lated
lin
e
ratios
R
ca
lc
(in
d
icated
b
y
�)
retu
rn
ed
at
th
e
en
d

of
th
at
R
IT
ru
n
again
st
th
e
ob
served
lin
e
ratios
R
o
bs
(in
d
icated
b
y
�)
an
d
th
eir
ob
servation
al

errors.
T
h
ese
�
gu
res
sh
ow
th
e
sam
e
op
tim
isation
tren
d
s
(i.e.
th
e
m
in
im
u
m
kv
k
2
coin
cid
in
g

w
ith
th
e
b
est
solu
tion
)
as
th
ose
p
resen
ted
in
th
e
p
rev
iou
s
section
so
w
e
th
erefore
ad
op
t
th
ese

solu
tion
s
as
th
e
op
tim
al
form
s
of
�(T
e )
on
ap
p
lication
of
th
e
R
IT
to
th
e
S
E
R
T
S
-89
d
ata.

It
is
clear
from

�
gu
re
4.25
th
at
th
e
�(T
e )
fu
n
ction
s
recovered
b
y
all
th
ree
sm
o
oth
in
g

fu
n
ction
als
clearly
agree
w
ith
th
e
sin
gle
p
eak
D
E
M
s
of
B
rick
h
ou
se
et
al.
(1995)
an
d
L
an
zafam
e

et
al.
(1998)
an
d
th
ere
is
n
o
clear
ev
id
en
ce
to
su
p
p
ort
th
e
trip
le
p
eak
m
o
d
el.
A
lth
ou
gh
th
is,

again
,
h
igh
ligh
ts
th
e
severely
ill-p
osed
n
atu
re
of
th
e
D
E
M

in
verse
p
rob
lem
.

4
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D
iscu
ssio
n

W
e
h
ave
sh
ow
n
th
at
for
an
op
tically
th
in
p
lasm
a,
th
ere
is
in
d
eed
a
u
n
iq
u
e
m
ath
em
atical

relation
sh
ip
b
etw
een
th
e
`m
ean
'
sp
ectroscop
ic
q
u
an
tities
hn
e i,
hT
e i
an
d
th
e
d
i�
eren
tial
em
is-

sion
m
easu
re
fu
n
ction
s
(�(T
e ),
�
(n
e ),
an
d
�
(n
e ;T
e )).
T
h
ese
relation
sh
ip
s
are
tru
e
p
rov
id
ed

certain
assu
m
p
tion
s
h
old
regard
in
g
th
e
n
atu
re
of
th
e
em
ittin
g
p
lasm
a,
an
d
th
e
ch
aracteristic

b
eh
av
iou
r
of
p
articu
lar
lin
e
ratios,
an
d
sh
ow
th
e
eq
u
ivalen
ce
b
etw
een
th
e
fu
ll
in
version
an
d

m
ean
valu
e
m
eth
o
d
s.

8A
lth
o
u
g
h
w
e
h
av
e
d
iscu
ssed
th
e
u
se
(a
n
d
a
m
b
ig
u
ities)
o
f
lin
e
ra
tio
s
a
s
a
sin
g
le
d
en
sity
m
ea
su
re
o
f
a
clea
rly

in
h
o
m
o
g
en
eo
u
s
p
la
sm
a
,
fo
r
th
is
d
iscu
ssio
n
,
w
e
w
ill
g
o
o
n
`b
lin
d
fa
ith
'.



4.
4.
A
P
P
L
IC
A
T
IO
N
O
F
T
H
E
R
IT
T
O
S
E
R
T
S
-8
9
D
A
T
A

F
ig
u
re
4.
19
:
T
h
e
gl
ob
al
re
su
lt
s
of
th
e
R
IT
te
st
on
m
o
d
el
2
of
S
ec
ti
on
4.
3.
1
u
si
n
g
a
M
a
x
i-

m
u
m

E
n
tr
o
p
y
sm
o
ot
h
in
g
fu
n
ct
io
n
al
ar
e
p
re
se
n
te
d
h
er
e
w
it
h
q
u
an
ti
ti
es
as
d
es
cr
ib
ed
in
th
e

co
rr
es
p
on
d
in
g
�
gu
re
s
ab
ov
e.
In
th
e
u
p
p
er
p
lo
t,
fo
r
st
an
d
ar
d
em
is
si
v
it
ie
s,
�
o
p
t
h
as
a
va
lu
e
of

0:
05
w
h
ic
h
h
as
an
as
so
ci
at
ed
�
2
of
0:
31
7.
L
ik
ew
is
e,
th
e
lo
w
er
p
lo
t,
fo
r
p
er
tu
rb
ed
em
is
si
v
it
ie
s,

�
o
p
t
h
as
a
va
lu
e
of
0:
10
w
h
ic
h
h
as
an
as
so
ci
at
ed
�
2
of
0:
58
0.

4.
1.
R
E
L
A
T
IO
N
B
E
T
W
E
E
N
L
IN
E
R
A
T
IO
A
N
D
E
M
IS
S
IO
N
M
E
A
S
U
R
E
A
N
A
L
Y
S
E
S

th
e
id
ea
l
ra
ti
o
b
ei
n
g
th
at
of
a
re
so
n
an
ce
(e
ss
en
ti
al
ly
n
o
n
e
fu
n
ct
io
n
al
d
ep
en
d
en
ce
)
an
d
an

in
te
rs
y
st
em
(w
it
h
fu
n
ct
io
n
al
b
eh
av
io
u
r
w
it
h
n
e
ca
te
go
ri
se
d
ea
rl
ie
r)
li
n
e
of
th
e
sa
m
e
io
n
is
at
io
n

st
ag
e
of
a
p
ar
ti
cu
la
r
at
om
.

T
o
ob
ta
in
su
ch
a
`m
ea
n
'
es
ti
m
at
e
of
n
e
w
e
m
u
st
co
n
si
d
er
th
e
op
ti
ca
ll
y
th
in
p
la
sm
a
to
b
e

is
ot
h
er
m
al
,
w
it
h
T
e
=
T
0
,
m
ea
n
in
g
th
at
K
i(
n
e
;T
e
=
T
0
)
re
d
u
ce
s
to
K
i(
n
e
).
T
h
en
,
th
e
to
ta
l

em
it
te
d
li
n
e
in
te
n
si
ty
of
a
li
n
e
la
b
el
le
d
i
is
gi
ve
n
b
y

I i
=

Z n
e

K
i(
n
e
)
�
(n
e
)
d
n
e
:

(4
.1
7)

T
h
en
fo
r
a
d
en
si
ty
se
n
si
ti
ve
li
n
e
p
ai
r
(i
;j
)
w
e
se
e
th
at
th
e
ra
ti
o
R
ij
is
gi
ve
n
b
y
(c
f.
eq
u
a-

ti
on
(4
.8
))

R
ij
=

I i I j
=

R n
e
K
i(
n
e
)
�
(T
e
)
d
n
e

R n
e
K
j
(n
e
)
�
(T
e
)
d
n
e

:

(4
.1
8)

A
s
ab
ov
e,
w
e
n
ow
se
ek
th
e
`m
ea
n
'
el
ec
tr
on
d
en
si
ty
hn
e
i
of
a
h
om
og
en
eo
u
s
p
la
sm
a
th
at

y
ie
ld
s
th
e
sa
m
e
li
n
e
ra
ti
o
as
th
e
ob
se
rv
ed
in
h
om
og
en
eo
u
s
on
e.
T
h
is
is
p
er
fo
rm
ed
b
y
d
e�
n
in
g

�
(n
e
)
=
� 0
Æ(
n
e
�
hn
e
i)
su
ch
th
at
,
on
su
b
st
it
u
ti
n
g
in
to
eq
u
at
io
n
(4
.1
8)
an
d
d
iv
id
in
g
th
ro
u
gh
ou
t

b
y
� 0
w
e
h
av
e

R
ij
=

K
i(
hn
e
i)

K
j
(h
n
e
i)

:

(4
.1
9)

B
y
d
ir
ec
t
an
al
og
y
to
th
e
st
ep
s
p
ro
d
u
ci
n
g
eq
u
at
io
n
s
(4
.8
)
th
ro
u
gh
(4
.1
6)
w
e
ca
n
co
n
st
ru
ct

a
re
la
ti
on
sh
ip
fo
r
th
e
d
is
cr
et
is
ed
d
i�
er
en
ti
al
em
is
si
on
m
ea
su
re
in
n
e
,
�,
in
te
rm
s
of
a
se
t
of

`m
ea
n
'
sp
ec
tr
os
co
p
ic
d
en
si
ti
es
hn
e
i i
j
,
an
d
th
e
op
er
at
or
G
ij
(n
e
)
=

K
i
(n
e
)

K
j
(n
e
)
.
F
or
p
u
rp
os
es
of

w
ri
ti
n
g
ex
p
re
ss
io
n
s
fo
rm
al
ly
eq
u
iv
al
en
t
to
th
os
e
ab
ov
e,
th
is
op
er
at
or
m
u
st
n
ow
b
e
a
ss
u
m
ed

to
b
e
u
n
iq
u
e
(m
on
ot
on
ic
,
b
ij
ec
ti
ve
).
T
h
u
s,

�
=
K
0�
1
fG
�
1
ij
(h
n
e
i i
j
)g
;

(4
.2
0)

w
h
er
e
K
0�
1
is
to
b
e
u
n
d
er
st
o
o
d
as
th
e
eq
u
iv
al
en
t
(b
u
t
cl
ea
rl
y
n
ot
id
en
ti
ca
l)
m
at
ri
x
to
th
at

in
eq
u
at
io
n
(4
.1
6)
.
W
h
il
e
th
is
ex
p
re
ss
io
n
as
su
m
es
th
at
th
e
in
ve
rs
e
op
er
at
or
G
�
1
ij
(h
n
e
i i
j
)
h
as

a
u
n
iq
u
e
so
lu
ti
on
,
n
ot
ic
e
th
at
a
n
u
m
er
ic
al
so
lu
ti
on
fo
r
�,
an
al
og
ou
s
to
eq
u
at
io
n
(4
.1
5)
,
m
ak
es

n
o
su
ch
as
su
m
p
ti
on
.
In
fa
ct
,
it
re
m
ov
es
am
b
ig
u
it
ie
s
th
at
ca
n
ar
is
e
fr
om

th
e
n
on
-u
n
iq
u
e

in
ve
rs
e
op
er
at
or
G
�
1
ij
(h
n
e
i i
j
)
fo
r
ce
rt
ai
n
li
n
e
ra
ti
os
in
im
p
or
ta
n
t
io
n
s.
T
h
is
is
b
ec
au
se
,
in
a

n
u
m
er
ic
al
im
p
le
m
en
ta
ti
on
,
th
is
op
er
at
io
n
is
n
ot
p
er
fo
rm
ed
.
T
h
e
ve
ct
or
el
em
en
t
is
in
st
ea
d
se
t

to
th
e
ob
se
rv
ed
ra
ti
o
R
i;
j(
i)
.
A
n
e
x
a
m
p
le
o
f
n
o
n
-u
n
iq
u
e
in
v
e
rs
e
o
p
e
ra
to
rs
o
c
c
u
rs
fo
r

c
e
rt
a
in
ra
ti
o
s
o
f
in
te
rs
y
st
e
m

li
n
e
s
in
th
e
b
o
ro
n
is
o
e
le
c
tr
o
n
ic
se
q
u
e
n
c
e
(s
e
e
,
e
.g
.,

B
ra
g
e
e
t
a
l.
1
9
9
6
,
F
ig
.
2
).



4.1.
R
E
L
A
T
IO
N
B
E
T
W
E
E
N
L
IN
E
R
A
T
IO
A
N
D
E
M
IS
S
IO
N
M
E
A
S
U
R
E
A
N
A
L
Y
S
E
S

4
.1
.3

R
e
la
tio
n
sh
ip
b
e
tw
e
e
n
�
(n
e ;T
e )
a
n
d
hn
e i,
hT
e i
p
a
irs

In
th
e
gen
eral
case
w
e
w
ish
to
ob
tain
in
form
ation
ab
ou
t
th
e
form

of
th
e
b
ivariate
d
i�
er-

en
tial
em
ission
m
easu
re,
�
(n
e ;T
e )
from

a
set
of
`m
ean
'
sp
ectroscop
ic
d
en
sities,
hn
e i,
an
d

tem
p
eratu
res,
hT
e i,
d
iscu
ssed
ab
ove.
T
h
ese
`m
ean
'
valu
es
are
u
su
ally
d
erived
in
d
iv
id
u
ally,
as

d
escrib
ed
earlier,
b
y
lo
ok
in
g
at
lin
e
p
airs
th
at
are
m
ostly
sen
sitive
to
T
e ,
or
n
e ,
b
u
t
n
ot
b
oth
.

F
ollow
in
g
th
e
m
eth
o
d
of
th
e
p
rev
iou
s
section
s,
w
e
seek
m
ean
p
aram
eters
hn
e i
an
d
hT
e i
of

th
e
h
om
ogen
eou
s
p
lasm
a
th
at
w
ill
y
ield
th
e
sam
e
lin
e
ratio
as
th
e
ob
served
in
h
om
ogen
eou
s

p
lasm
a.
S
om
e
care
m
u
st
b
e
taken
h
ere,
as
can
b
e
seen
b
y,
follow
in
g
earlier
section
s,
assu
m
in
g

th
at
th
e
b
ivariate
D
E
M

fu
n
ction
can
b
e
ap
p
rox
im
ated
as
sep
arab
le
b
y
�
(n
e ;T
e )
=
�
0 Æ(T
e
�

hT
e i)Æ(n
e
�
hn
e i).
U
sin
g
eq
u
ation
(4.4)
to
form
th
e
lin
e
ratio
of
tw
o
lin
es
w
ith
lab
els
i
an
d
j,

(i
6=
j):

R
ij
=
I
i

I
j
= R
T
e R
n
e
K
i (n
e ;T
e )�
(n
e ;T
e )
d
n
e d
T
e

R
T
e R
n
e
K
j (n
e ;T
e )�
(n
e ;T
e )
d
n
e d
T
e

(4.21)

O
n
su
b
stitu
tion
of
�
(n
e ;T
e )
given
ab
ove
in
to
eq
u
ation
(4.21)
an
d
p
erform
in
g
th
e
d
ou
b
le

in
tegral
w
e
ob
tain

R
ij
=
K
i (hn
e i;hT
e i)

K
j (hn
e i;hT
e i)
=
M
ij (hn
e i;hT
e i)

(4.22)

T
o
try
to
d
eterm
in
e
hn
e i
an
d
hT
e i
d
o
es
n
ot
m
ake
sen
se,
sin
ce
th
ere
is
ju
st
on
e
eq
u
ation
,

b
u
t
tw
o
u
n
k
n
ow
n
s,
hn
e i
an
d
hT
e i.
T
h
u
s
it
is
clear
th
at
an
oth
er
eq
u
ation
is
n
eed
ed
.
O
n
e

p
ossib
le
solu
tion
is
to
assu
m
e
th
at
hT
e i
=
T
0ij
w
h
ere
T
0ij
is
th
e
coron
al
ion
isation
eq
u
ilib
riu
m

tem
p
eratu
re
for
th
e
p
articu
lar
ion
(s)
u
n
d
er
stu
d
y.
T
h
is
is
in
fact
a
com
m
on
assu
m
p
tion

m
ad
e
for
solar
coron
a
lin
es
(e.g.,
M
ason
1991).
If
th
is
assu
m
p
tion
(or
som
eth
in
g
else)
is

m
ad
e,
th
en
for
a
set
of
em
ission
lin
es
of
tem
p
eratu
re
an
d
d
en
sity
sen
sitiv
ity,
w
e
see
th
at
th
e

p
air
(hn
e i;hT
e i)
can
b
e
d
eterm
in
ed
p
rov
id
ed
th
ere
ex
ists
an
in
verse
fu
n
ction
M
�
1

ij
,
i.e
.

(hn
e i
ij ;T
0ij )
=
M
�
1

ij
(R
ij )

(4.23)

R
ep
eatin
g
th
e
step
s
taken
to
form
u
late
eq
u
ation
(4.12)
w
e
d
iv
id
e
th
rou
gh
eq
u
ation
(4.4)
b
y

an
oth
er
lin
e
in
ten
sity,
I
j(i) ,
again
d
isp
lay
in
g
th
e
req
u
ired
fu
n
ction
al
(eith
er
d
en
sity
sen
sitive

or
tem
p
eratu
re
sen
sitive)
b
eh
av
iou
r
to
p
ro
d
u
ce:

R
i;j(i)
=

I
i

I
j(i)
= Z

T
e Z
n
e
K
0i (n

e ;T
e )�
(n
e ;T
e )
d
n
e d
T
e

(4.24)

d
iscretisin
g
th
is
w
ith
resp
ect
to
n
e
an
d
T
e
w
e
h
ave
th
e
follow
in
g

R
i;j(i)
=

mXl=
1

p
Xq

=
1
�
(n
q ;T
l )
K
0i (n

q ;T
l )
�
n
e
�
T
e

(4.25)

4.4.
A
P
P
L
IC
A
T
IO
N
O
F
T
H
E
R
IT
T
O
S
E
R
T
S
-89
D
A
T
A

4
.3
.3

R
IT
in
v
e
rsio
n
re
su
lts
u
sin
g
a
g
e
n
e
ra
lise
d
sm
o
o
th
in
g
fu
n
c
tio
n
a
l

F
rom
som
e
of
th
e
resu
lts
p
resen
ted
ab
ove,
sp
eci�
cally
m
o
d
el
2
of
S
ection
4.3.1,
are
reason
ab
le

solu
tion
s
given
th
e
lim
ited
n
atu
re
of
th
e
sm
o
oth
in
g
fu
n
ction
als
u
sed
.
T
h
is
is
esp
ecially
tru
e

w
h
en
d
iscon
tin
u
ities
in
th
e
D
E
M
fu
n
ction
s
are
likely
to
b
e
p
resen
t.
T
h
e
follow
in
g
d
iscu
ssion

sh
ow
s
th
at
it
is
v
e
ry
sim
p
le
to
im
p
lem
en
ted
a
gen
eralised
sm
o
oth
in
g
fu
n
ction
al
to
resolve

sh
arp
featu
res
in
D
E
M

fu
n
ction
s
f
(s
e )
w
ith
th
e
R
IT
.

In
th
is
case
w
e
w
ill
im
p
lem
en
t
a
form
of
M
ax
im
u
m
E
n
trop
y
(M
E
)
sm
o
oth
in
g
d
iscu
ssed
in

S
ection
2.1.3.3.
T
h
e
form
of
�
(f
(s
e ))
(cf.
eq
u
ation
(4.33))
n
ow
b
ein
g,
for
f
(s
e )
d
iscretised

over
N
p
oin
ts
in
th
e
s
e
d
om
ain

�
(f
(s
e ))
=

NXi=
1 �

f
i

y �
ln �
f
i

y �

(4.42)

w
h
ere
f
i
is
th
e
evalu
ation
of
f
(s
e )
at
in
d
ex
p
oin
t
i
an
d
y
is
th
e
p
rio
r
of
th
e
solu
tion
taken
to

b
e
th
e
average
su
m
m
ed
over
th
e
en
tire
d
om
ain
(y
=
hf
(s
e )i).

T
h
e
glob
al
resu
lts
of
th
e
R
IT
ru
n
s
u
sin
g
th
is
M
E
form

for
th
e
sm
o
oth
in
g
fu
n
ction
al

on
M
o
d
el
2
for
stan
d
ard
an
d
p
ertu
rb
ed
em
issiv
ities
over
a
ran
ge
of
sm
o
oth
in
g
p
aram
eters

are
p
resen
ted
in
�
gu
re
4.19.
A
gain
w
e
can
id
en
tify,
for
th
e
p
ertu
rb
ed
em
issiv
ity
in
version

alon
e,
th
e
op
tim
al
valu
e
�
(0.580)
an
d
w
e
u
se
th
e
corresp
on
d
in
g
solu
tion
to
com
p
are
w
ith

th
e
R
IT
recovered
resu
lts
for
regu
larisin
g
fu
n
ction
als
n
=
1;2.
F
igu
re
4.20
sh
ow
s
th
at
u
sin
g

an
M
E
ap
p
roach
allow
s
a
less
su
b
jective
in
terp
retation
of
th
e
d
ata;
sim
p
ly
b
ecau
se
n
o
strict

fu
n
ction
al
form
is
im
p
osed
on
th
e
solu
tion
.

4
.4

A
p
p
lica
tio
n
o
f
th
e
R
IT
to
S
E
R
T
S
-8
9
d
a
ta

N
ow
w
e
p
resen
t
d
etails
of
th
e
ap
p
lication
of
th
e
R
IT
to
d
ata
acq
u
ired
b
y
th
e
aforem
en
tion
ed

S
E
R
T
S
m
ission

ow
n
on
M
ay
5
th
1989
(h
ereafter
S
E
R
T
S
-89).
T
h
e
aim
of
th
is
an
aly
sis
b
ein
g

th
e
recovery,
an
d
com
p
arison
,
of
th
e
d
i�
eren
tial
em
ission
m
easu
re
in
T
e
for
th
e
tran
sition

region
an
d
coron
a
(5
�
log
1
0
T
e
K
�
7)
w
ith
th
ose
p
u
b
lish
ed
,
u
sin
g
th
e
sa
m
e
d
ata
p
rev
iou
sly

(B
rick
h
ou
se
et
al.
1995;
L
an
d
i
&
L
an
d
in
i
1997;
L
an
zafam
e
et
al.
1998).

T
h
e
ob
servation
s
m
ad
e
d
u
rin
g
th
e
S
E
R
T
S
-89

igh
t
con
cen
trated
on
on
e
active
region

(N
O
A
A
A
R
5464)
from
w
h
ich
a
total
of
269
em
ission
lin
es
w
ere
m
easu
red
7
in
a
w
avelen
gth

ran
ge
coverin
g
170-450
�A
.
D
etails
of
th
e
d
ata
red
u
ction
an
d
calib
ration
can
b
e
fou
n
d
in

T
h
om
as
&
N
eu
p
ert
(1994).

7T
h
e
a
b
so
lu
te
in
ten
sities
o
f
th
e
lin
es
w
ere
av
era
g
ed
ov
er
th
e
en
tire
d
u
ra
tio
n
o
f
th
e

ig
h
t.



4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
16
:
P
lo
ts
sh
ow
in
g
d
et
ai
ls
of
si
n
gl
e
R
IT
ru
n
s
(u
se
d
to
cr
ea
te
th
e
lo
w
er
p
or
ti
on
of

�
gu
re
4.
14
)
fo
r
th
e
`S
te
p
'
m
o
d
el
an
d
a
ra
n
ge
of
d
i�
er
en
t
sm
o
ot
h
in
g
p
ar
am
et
er
s
�
an
d
a
�
rs
t

or
d
er
sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
T
h
e
le
ft
h
an
d
p
lo
ts
sh
ow
th
e
so
lu
ti
on
re
tu
rn
ed
b
y
th
e
R
IT
at

th
e
en
d
of
it
s
10
,0
00
ge
n
er
at
io
n
ru
n
(s
ol
id
li
n
e)
an
d
th
e
m
o
d
el
(d
as
h
ed
li
n
e)
fo
r
st
a
n
d
a
rd

em
is
si
v
it
ie
s.
T
h
e
ri
gh
t
h
an
d
p
lo
ts
d
em
on
st
ra
te
h
ow
w
el
l
th
e
ac
tu
al
li
n
e
ra
ti
os
R
ca
lc
fo
r
ea
ch

p
ai
r
ar
e
re
co
ve
re
d
.
T
h
e
`C
or
re
la
te
d
'
ra
ti
os
(e
rr
or
s
in
b
-b
ra
te
s)
ar
e
in
d
ic
at
ed
b
y
�
an
d
th
e

`U
n
co
rr
el
at
ed
'
ra
ti
os
(e
rr
or
s
in
b
-f
ra
te
s
al
so
)
ar
e
in
d
ic
at
ed
b
y
�.

4.
2.
R
A
T
IO
IN
V
E
R
S
IO
N
S
O
L
U
T
IO
N
S
F
O
R
D
E
M

F
U
N
C
T
IO
N
S

In
an
id
ea
l
w
or
ld
,
on
e
w
h
er
e
th
e
so
lu
ti
on
to
eq
u
at
io
n
(4
.3
0)
is
a
sm
o
ot
h
p
os
it
iv
e
d
e�
n
it
e

fu
n
ct
io
n
of
s e
,
w
e
w
ou
ld
se
ek
th
e
le
as
t
sq
u
ar
es
so
lu
ti
on
(c
f.
S
ec
ti
on
2.
1)
of

X
2
(R
o
bs
;R
ca
lc
)
=

N X l=
1

0 B @� R
o
bs
l

�
R
ca
lc

l

� 2

�
2 l t

h

+
�
2 l o

b
s

1 C A

(4
.3
1)

w
h
er
e
l
is
th
e
la
b
el
of
a
p
ar
ti
cu
la
r
li
n
e
p
ai
r,
f
R
o
bs
g
is
th
e
se
t
of
ob
se
rv
ed
op
ti
ca
ll
y
th
in
li
n
e

ra
ti
os
w
it
h
er
ro
rs
�
l o
b
s
,
th
eo
re
ti
ca
l
es
ti
m
at
es
of
th
e
er
ro
rs
in
th
e
re
le
va
n
t
at
om
ic
p
ar
am
et
er
s

(i
n
K
i(
s e
)
an
d
K
j
(s
e
))
gi
ve
n
b
y
�
l t
h

(d
is
cu
ss
ed
b
el
ow
)
an
d
th
e
se
t
of
f
R
ca
lc
g
ar
e
ca
lc
u
la
te
d

u
si
n
g
eq
u
at
io
n
(4
.3
0)
.
H
ow
ev
er
,
as
is
th
e
ca
se
w
it
h
al
l
il
l-
p
os
ed
in
ve
rs
e
p
ro
b
le
m
s,
w
e
m
u
st

se
ek
a
re
gu
la
ri
se
d
so
lu
ti
on
fo
r
f
(s
e
)
w
h
ic
h
m
in
im
is
es
(a
d
op
ti
n
g
X
,
ab
ov
e,
to
b
e
a
fo
rm
of
th
e

st
at
is
ti
ca
l
�
2
m
ea
su
re
b
et
w
ee
n
R
o
bs
an
d
R
ca
lc
)

�
2
=
X

2
(R
o
bs
;R
ca
lc
)
+
�
�
(f
(s
e
))

(4
.3
2)

w
h
er
e
�
an
d
�
(f
(s
e
))
ar
e
th
e
sm
o
ot
h
in
g
p
ar
am
et
er
an
d
sm
o
ot
h
in
g
fu
n
ct
io
n
al
re
sp
ec
ti
ve
ly
.

C
le
ar
ly
,
w
h
er
e
eq
u
at
io
n
(4
.3
2)
is
n
on
-l
in
ea
r
in
f
(s
e
),
fr
om
th
e
X
2
(R
o
bs
;R
ca
lc
)
te
rm
,
th
e
li
n
ea
r

ca
se
so
lv
in
g
fo
r
a
se
t
of
li
n
e
in
te
n
si
ti
es
re
q
u
ir
es
th
at
w
e
so
lv
e
eq
u
at
io
n
(2
.4
6)
.
A
s
w
e
h
av
e

p
re
v
io
u
sl
y
d
is
cu
ss
ed
th
e
ch
oi
ce
of
�
(f
(s
e
))
w
il
l
re

ec
t
th
e
n
at
u
re
of
th
e
so
lu
ti
on
sp
ac
e,
fo
r

ex
am
p
le
co
n
si
d
er
in
g
f
(s
e
)
to
b
e
sm
o
ot
h
to
th
e
n
th
p
ol
y
n
om
ia
l
or
d
er
su
ch
th
at

�
(f
(s
e
))
=

Z s e
? ? ? ?d
n
f
(s
e
)

d
sn e

? ? ? ?2
d
s e

(4
.3
3)

w
h
er
e
f
(s
e
)
w
il
l
cl
ea
rl
y
b
e
a
d
is
cr
et
is
ed
fu
n
ct
io
n
an
d
w
e
w
il
l
b
e
re
q
u
ir
ed
to
ca
lc
u
la
te
eq
u
a-

ti
on
(4
.3
3)
as
a
fo
rw
ar
d
�
n
it
e-
d
i�
er
en
ce
es
ti
m
at
e
of
th
e
ac
tu
al
in
te
gr
al
.

T
h
e
fo
rm

of
eq
u
at
io
n
s
(4
.3
1)
an
d
(4
.3
2)
m
ea
n
th
at
w
e
ca
n
n
o
t
u
se
st
an
d
ar
d
T
ic
h
on
ov

re
gu
la
ri
sa
ti
on
or
S
V
D
m
et
h
o
d
s,
b
u
t
th
at
w
e
m
u
st
ad
op
t
a
n
ew
n
on
-l
in
ea
r
ap
p
ro
ac
h
.
T
o

th
is
en
d
w
e
h
av
e
ch
os
en
a
G
en
et
ic
A
lg
or
it
h
m

(G
A
)
b
ec
au
se
of
it
s
n
u
m
er
ic
al
ro
b
u
st
n
es
s

(G
ol
d
b
er
g
19
89
)
an
d
th
e
ea
se
w
it
h
w
h
ic
h
n
on
-l
in
ea
r
ca
lc
u
la
ti
on
s
li
ke
eq
u
at
io
n
(4
.3
2)
ca
n

b
e
en
co
d
ed
(C
h
ar
b
on
n
ea
u
19
95
).
T
h
e
te
rm
in
ol
og
y
an
d
b
as
ic
m
ec
h
an
ic
al
p
ri
n
ci
p
le
s
of
G
A
s

w
er
e
d
is
cu
ss
ed
in
th
e
p
re
v
io
u
s
ch
ap
te
r.
F
or
th
e
ca
lc
u
la
ti
on
s
p
re
se
n
te
d
h
er
e
w
e
w
il
l
sp
ec
if
y

th
e
s e
m
es
h
ov
er
w
h
ic
h
th
e
in
te
gr
al
s
ar
e
d
is
cr
et
is
ed
an
d
u
se
d
i�
er
en
t
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s

(o
ve
r
a
w
id
e
ra
n
ge
va
lu
es
fo
r
�
)
to
an
al
y
se
th
e
n
u
m
er
ic
al
st
ab
il
it
y
of
th
e
so
lu
ti
on
s
ob
ta
in
ed
.

In
d
ee
d
w
e
sh
ow
th
at
,
fo
r
a
se
ri
es
of
te
st
D
E
M

`s
ou
rc
e'
fu
n
ct
io
n
s,
th
e
re
su
lt
s
ar
e
co
n
cl
u
si
ve

th
at
th
is
m
et
h
o
d
,
th
e
R
at
io
In
ve
rs
io
n
T
ec
h
n
iq
u
e
(R
IT
),
is
n
ot
in

u
en
ce
d
gr
ea
tl
y
b
y
la
rg
e

sy
st
em
at
ic
er
ro
rs
in
th
e
at
om
ic
ra
te
co
eÆ
ci
en
ts
th
at
co
u
ld
m
ak
e
th
e
re
su
lt
s
of
st
an
d
ar
d

in
te
n
si
ty
in
ve
rs
io
n
s
h
ig
h
ly
am
b
ig
u
ou
s.
T
h
a
t
is
,
th
e
R
IT

is
in
se
n
si
ti
v
e
to
e
rr
o
rs
th
a
t



4.2.
R
A
T
IO
IN
V
E
R
S
IO
N
S
O
L
U
T
IO
N
S
F
O
R
D
E
M

F
U
N
C
T
IO
N
S

a
re
lik
e
ly
to
d
o
m
in
a
te
sta
n
d
a
rd
in
v
e
rsio
n
p
ro
c
e
d
u
re
s
a
n
d
th
e
re
fo
re
p
ro
v
id
e
s
a

n
e
w
m
e
a
n
s
o
f
o
b
ta
in
in
g
le
ss
a
m
b
ig
u
o
u
s
re
su
lts
a
b
o
u
t
th
e
e
m
ittin
g
o
p
tic
a
lly
th
in

re
g
io
n
o
f
th
e
so
la
r
a
tm
o
sp
h
e
re
u
n
d
e
r
e
x
a
m
in
a
tio
n
.

4
.2
.1

C
a
lcu
la
tio
n
o
f
k
e
rn
e
l
e
rro
rs

T
o
calcu
late
m
ean
in
gfu
l
valu
es
of
�
lt
h

(for
each
lin
e
p
air
l)
w
e
h
ave
p
erform
ed
a
M
on
te
C
arlo

sim
u
lation
to
get
a
d
istrib
u
tion
of
tw
en
ty
p
ertu
rb
ed
lin
e
em
issiv
ities
for
each
tran
sition
.
P
er-

tu
rb
ed
,
in
th
e
sen
se
th
at
th
eir
com
p
on
en
t
atom
ic
term
s
(rates
an
d
co
eÆ
cien
ts)
are
ran
d
om
ly

p
ertu
rb
ed
ab
ou
t
th
eir
\accep
ted
"
valu
es.
T
h
e
am
ou
n
ts
b
y
w
h
ich
th
ese
co
eÆ
cien
ts
an
d
rates

are
p
ertu
rb
ed
are
relevan
t
to
�
gu
res
p
u
t
forw
ard
in
th
e
literatu
re,
sp
eci�
cally
in
?
?

an
d

J
u
d
ge
et
al.
(1997).
R
ecallin
g
from

S
ection
2.2
th
at
w
e
can
ex
p
ress
th
e
em
issiv
ity
of
th
e

op
tically
th
in
em
ission
lin
e
i
(in
th
e
sim
p
lest
sen
se)
as

K
i (s
e )
�
�
�X
i (s
e )
�Y
i (s
e )

(4.34)

w
h
ere
�
is
a
con
stan
t,
X
i (s
e )
=

n
io
n

n
e
l

is
th
e
con
glom
erate
of
th
e
b
ou
n
d
-free
(b
-f)
term
s

an
d
Y
i (s
e )
=

n
u
(
i)

n
io
n

of
th
e
b
ou
n
d
-b
ou
n
d
(b
-b
)
term
s
of
th
e
tran
sition
as
fu
n
ction
s
of
s
e

resp
ectively
2.
S
o,
if
th
ese
q
u
an
tities
h
ave
asso
ciated
errors
ÆX
i
an
d
ÆY
i
th
en
th
e
fraction
al

error
in
th
e
lin
e
em
issiv
ity
can
b
e
ex
p
ressed
as

�
ÆK
i

K
i �

2
= �
ÆX
i

X
i �

2
+ �
ÆY
i

Y
i �

2
:

(4.35)

T
h
e
calcu
lation
s
p
resen
ted
in
th
is
ch
ap
ter
h
ave
asso
ciated
stan
d
ard
(1�
)
d
ev
iation
s
in
th
e

fraction
al
errors
of
th
e
ord
er
(cf.
J
u
d
ge
et
al.
1997)
:

-
F
or
th
e
b
ou
n
d
-b
ou
n
d
p
ro
cesses
w
e
ad
op
t
a
valu
e
of
3%
.
T
h
is
of
cou
rse
en
su
res,
b
y
d
e�
n
i-

tion
,
th
at
32%
of
th
e
ran
d
om
realisation
s
w
ill
h
ave
errors
in
ex
cess
of
3%
.

-
W
e
h
ave
ch
osen
to
u
se
logarith
m
ic
(b
ase
10;
log-n
orm
al
d
istrib
u
ted
)
d
ev
iation
s
of
�
0:1

ab
ou
t
th
e
m
ean
valu
e
for
b
ou
n
d
-free
p
ro
cesses.
T
h
is
valu
e
is
clearly
an
estim
ate
b
e-

cau
se
th
e
am
p
litu
d
e
of
errors
in
su
ch
(b
-f)
p
ro
cesses
are
n
ot
w
ell
k
n
ow
n
,
?
?
-
P
rivate

C
om
m
u
n
ication
.

T
h
ese
valu
es
re
ect
p
ossib
le
lo
w
e
r
m
agn
itu
d
e
lim
its
on
th
e
b
-b
an
d
b
-f
term
s.
S
o,
th
e
e�
ects

on
lin
e
em
issiv
ity
K
i (s
e )
are
con
servatively
estim
ated
to
lie
b
etw
een
10%

an
d
125%
.
O
f

2O
f
co
u
rse
th
ese
term
s
h
av
e
b
een
d
e�
n
ed
p
rev
io
u
sly.
T
h
e
d
e�
n
itio
n
o
f
X
i
rem
a
in
s
u
n
ch
a
n
g
ed
,
b
u
t
Y
i
w
a
s

d
e�
n
ed
a
s
th
e
elem
en
ta
l
a
b
u
n
d
a
n
ce
rela
tiv
e
to
h
y
d
ro
g
en
.

4.3.
R
E
S
U
L
T
S

F
igu
re
4.15:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
test
on
th
e
`S
tep
'
m
o
d
el
for
�
(n
e )
u
sin
g
a
�
rst

o
rd
e
r
(n
=
2)
sm
o
oth
in
g
fu
n
ction
al
are
p
resen
ted
h
ere
w
ith
q
u
an
tities
as
d
escrib
ed
ab
ove.

In
th
e
u
p
p
er
p
lot,
for
stan
d
ard
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:01
w
h
ich
h
as
an
asso
ciated

�
2
of
0:100.
L
ikew
ise,
th
e
low
er
p
lot,
for
p
ertu
rb
ed
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:001

w
h
ich
h
as
an
asso
ciated
�
2
of
5:456.
A
s
in
p
rev
iou
s
�
gu
res
it
is
clear
th
at
th
e
�
2
calcu
lation

is
d
om
in
ated
b
y
th
e
d
iscon
tin
u
ities
in
th
e
m
o
d
el.
A
gain
,
�
o
p
t
is
in
d
icated
b
y
�
on
th
e
u
p
p
er

cu
rve.



4.
3.
R
E
S
U
L
T
S

T
ab
le
4.
3
id
en
ti
�
es
th
e
li
n
e
ra
ti
o
p
ai
rs
l
u
se
d
in
th
es
e
ca
lc
u
la
ti
on
s
al
on
g
w
it
h
th
ei
r
w
av
e-

le
n
gt
h
s
(�
� A
)
an
d
th
ei
r
m
ea
su
re
of
th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty
in
th
e
li
n
e
ra
ti
o
� l
(�
l t
h

as
a

fr
ac
ti
on
of
R
l t
h

fo
r
a

at
m
o
d
el
�
(n
e
)
fu
n
ct
io
n
).
It
is
cl
ea
r
th
at
,
as
an
ti
ci
p
at
ed
,
th
e
li
n
e
ra
ti
o

p
ai
rs
w
it
h
ea
ch
li
n
e
b
el
on
gi
n
g
to
a
co
m
m
on
io
n
is
at
io
n
st
ag
e
of
th
e
at
om

h
av
in
g
co
n
si
d
er
-

ab
ly
lo
w
er
va
lu
es
,
in
ge
n
er
al
,
th
an
ot
h
er
s
b
ei
n
g
ty
p
ic
al
ly
in
th
e
ra
n
ge
of
� l
�
2
�
6%
.
T
h
e

`U
n
co
rr
el
at
ed
'
li
n
e
ra
ti
o
p
ai
rs
h
av
e
ty
p
ic
al
va
lu
es
av
er
ag
in
g
ar
ou
n
d
10
%
.

T
ab
le
4.
3:
D
et
ai
ls
of
th
e
li
n
e
p
ai
rs
u
se
d
in
th
e
R
IT
ru
n
s
on
�
(n
e
)
p
re
se
n
te
d
in
th
is
ch
ap
te
r.

F
or
ea
ch
ra
ti
o
p
ai
r
l
=
(i
;j
)
of
R
ij
th
e
n
u
m
er
at
or
,
i,
(N
)
an
d
d
en
om
in
at
or
,
j,
(D
)
li
n
es
ar
e

in
d
ic
at
ed
,
al
on
g
w
it
h
th
e
io
n
ic
st
ag
e
to
w
h
ic
h
th
ey
b
el
on
g
an
d
th
ei
r
w
av
el
en
gt
h
(�
� A
).
A
ls
o

q
u
ot
ed
is
th
e
m
ea
su
re
of
u
n
ce
rt
ai
n
ty
� l
(i
.e
.
�
th
l

as
a
p
er
ce
n
ta
ge
of
th
e
th
eo
re
ti
ca
l
li
n
e
ra
ti
o

R
th
l

fo
r
a

at
m
o
d
el
D
E
M
)
fr
om
th
e
d
is
tr
ib
u
ti
on
of
20
p
er
tu
rb
ed
li
n
e
em
is
si
v
it
ie
s.
R
at
io

p
ai
rs
1
th
ro
u
gh
18
ar
e
k
n
ow
n
h
er
e
as
`C
or
re
la
te
d
'
ra
ti
os
si
n
ce
th
ey
h
av
e
er
ro
rs
in
th
e
b
-b

ra
te
s
on
ly
w
h
er
ea
s
p
ai
rs
19
th
ro
u
gh
24
ar
e
`U
n
co
rr
el
at
ed
'
an
d
in
cl
u
d
e
er
ro
rs
in
th
e
b
-f
ra
te
s

al
so
.
N
ot
e
al
so
th
at
so
m
e
of
th
e
ra
ti
o
p
ai
rs
co
n
ta
in
n
o
d
en
si
ty
in
fo
rm
at
io
n
,
e.
g.
,
p
ai
r
#
1
is

th
e
ra
ti
o
of
tw
o
re
so
n
an
ce
li
n
es
.

#

Io
n
N

�
N

Io
n
D

�
D

�
l

#

Io
n
N

�
N

Io
n
D

�
D

�
l

1

C
IV

1
5
4
8
:1
8

C
IV

3
1
2
:4
2
0

0
:0
3
9
8

2

C
II
I

9
7
7
:0
2
0

C
II
I

1
1
7
5
:2
6

0
:0
5
3
3

3

M
g
IX

7
0
6
:0
6
0

M
g
IX

3
6
8
:0
7
0

0
:0
3
7
6

4

M
g
IX

7
0
6
:0
6
0

M
g
IX

4
4
5
:9
8
0

0
:0
2
6
1

5

N
e
V
II

8
9
5
:1
7
5

N
e
V
II

4
6
5
:2
2
0

0
:0
3
7
5

6

N
e
V
II

8
9
5
:1
7
5

N
e
V
II

5
6
2
:9
9
3

0
:0
4
9
7

7

N
e
V
I

5
6
2
:7
1
1

N
e
V
I

9
9
9
:6
3
0

0
:0
5
5
0

8

N
e
V
I

5
6
2
:7
1
1

N
e
V
I

4
5
4
:0
7
2

0
:0
8
6
1

9

S
i
II
I

1
2
0
6
:4
9

S
i
II
I

1
3
0
1
:1
4

0
:0
6
3
8

1
0

N
II
I

9
9
1
:5
0
2

N
II
I

7
7
2
:3
8
5

0
:0
2
8
3

1
1

O
V
I

1
0
3
1
:9
1

O
V
I

1
5
0
:0
8
9

0
:0
2
2
7

1
2

O
V

1
2
1
8
:3
4

O
V

6
2
9
:7
3
2

0
:0
3
4
0

1
3

O
V

1
2
1
8
:3
4

O
V

7
6
1
:1
2
8

0
:0
5
5
5

1
4

O
IV

7
9
0
:1
1
2

O
IV

1
4
0
1
:1
5

0
:0
3
3
4

1
5

O
IV

7
9
0
:1
1
2

O
IV

6
2
4
:6
1
8

0
:0
4
1
4

1
6

O
II
I

8
3
3
:7
1
5

O
II
I

1
6
6
6
:1
4

0
:0
3
8
6

1
7

S
i
X

6
2
1
:0
7
9

S
i
X

2
8
7
:0
9
2

0
:0
3
3
5

1
8

S
i
IX

6
9
2
:7
3
1

S
i
IX

3
4
4
:9
5
1

0
:0
4
2
9

1
9

C
IV

1
5
4
8
:1
8

C
II
I

9
7
7
:0
2
0

0
:0
5
3
3

2
0

C
II
I

9
7
7
:0
2
0

C
II

1
3
3
5
:6
6

0
:0
6
7
5

2
1

S
i
II
I

1
2
0
6
:4
9

S
i
IV

1
3
9
3
:7
5

0
:0
5
8
8

2
2

N
V

1
2
3
8
:8
2

O
V

6
2
9
:7
3
2

0
:2
3
4
7

2
3

O
V
I

1
0
3
1
:9
1

O
V

6
2
9
:7
3
2

0
:0
3
5
9

2
4

O
V

6
2
9
:7
3
2

O
IV

1
4
0
1
:1
5

0
:1
5
2
8

T
h
e
re
co
ve
re
d
fo
rm
of
�
(n
e
)
fr
om
th
e
va
ri
ou
s
ru
n
s
u
si
n
g
d
i�
er
en
t
sm
o
ot
h
in
g
or
d
er
s
an
d

se
ts
of
em
is
si
v
it
ie
s
ar
e,
as
ab
ov
e,
b
es
t
co
n
si
d
er
ed
gl
ob
al
ly
b
ef
or
e
ex
tr
ac
ti
n
g
sp
ec
i�
c
op
ti
m
al

so
lu
ti
on
s
fo
r
co
m
p
ar
is
on
w
it
h
th
e
st
an
d
ar
d
li
n
e
in
te
n
si
ty
ap
p
ro
ac
h
.
S
o,
w
e
ag
ai
n
p
lo
t
th
e

4.
3.
R
E
S
U
L
T
S

of
th
e
em
is
si
on
m
ea
su
re
d
i�
er
en
ti
al
in
te
m
p
er
at
u
re
,
�(
T
e
),
to
al
l
in
te
n
ts
an
d
p
u
rp
os
es
th
e

si
n
gl
y
m
os
t
im
p
or
ta
n
t
d
ia
gn
os
ti
c
q
u
an
ti
ty
in
te
rm
s
of
in
ve
rs
e
m
o
d
el
li
n
g
th
e
so
la
r
at
m
os
p
h
er
e.

S
ec
ti
on
4.
3.
2
d
is
cu
ss
es
ap
p
li
ca
ti
on
of
th
e
R
IT
to
em
is
si
on
m
ea
su
re
d
i�
er
en
ti
al
in
el
ec
tr
on

d
en
si
ty
,
�
(n
e
)
in
a
si
m
il
ar
va
in
to
th
at
of
�(
T
e
)
es
p
ec
ia
ll
y
in
th
at
th
e
p
er
fo
rm
an
ce
of
b
ot
h

`
av
ou
rs
'
of
ra
ti
o
in
ve
rs
io
n
w
il
l
b
e
co
m
p
ar
ed
to
th
os
e
ob
ta
in
ed
u
si
n
g
st
an
d
ar
d
in
te
n
si
ty

in
ve
rs
io
n
s4
.

It
is
im
p
or
ta
n
t
at
th
is
st
ag
e
to
n
ot
e
th
at
th
e
re
su
lt
an
t
re
co
ve
re
d
(d
is
cr
et
is
ed
)
fu
n
ct
io
n

f
(s
e
)
fr
om
op
ti
m
is
in
g
eq
u
at
io
n
(4
.3
2)
(t
h
ro
u
gh
eq
u
at
io
n
(4
.3
1)
)
d
o
es
n
o
t
al
lo
w
u
s
to
�
x
th
e

am
p
li
tu
d
e
of
f
(s
e
).
S
im
p
ly
b
ec
au
se
,
w
h
en
re
tu
rn
ed
it
w
il
l
al
w
ay
s
b
e
a
m
u
lt
ip
le
C
of
it
s
tr
u
e

va
lu
e
si
n
ce

R
ca
lc
=

R s e
K
i(
s e
)
(C
f
(s
e
))
d
s e

R s e
K
j
(s
e
)
(C
f
(s
e
))
d
s e

(4
.3
7)

w
il
l
a
lw
a
y
s
h
ol
d
.
S
o,
to
re
so
lv
e
th
is
p
ro
b
le
m
w
e
m
u
st
u
se
th
e
re
co
ve
re
d
so
lu
ti
on
f
(s
e
)
to

re
-c
al
cu
la
te
th
e
M

(<
2N
)
li
n
e
in
te
n
si
ti
es
,
I c
a
lc
.
T
h
es
e
\n
ew
"
in
te
n
si
ti
es
,
w
h
en
co
m
p
ar
ed
to

th
e
ob
se
rv
ed
in
te
n
si
ti
es
,
y
ie
ld
th
e
sc
al
in
g
fa
ct
or
S
(�
C
)
gi
ve
n
b
y

S
=

1 M

0 @M X j=
1

I
j o
bs

I
j ca
lc

1 A :

(4
.3
8)

In
p
ra
ct
ic
e,
w
e
n
ee
d
on
ly
�
x
a
si
n
gl
e
li
n
e
in
te
n
si
ty
in
th
e
ca
lc
u
la
ti
on
to
�
x
th
e
ab
so
lu
te

m
ag
n
it
u
d
e
of
f
(s
e
)
b
u
t,
in
th
e
p
re
se
n
ce
of
n
oi
se
,
th
is
le
ad
s
to
an
el
em
en
t
of
b
ia
s
in
th
e

fu
n
ct
io
n
sc
al
in
g.
T
h
is
p
os
si
b
le
so
u
rc
e
of
b
ia
s
is
b
ec
au
se
an
y
p
ar
ti
cu
la
r
li
n
e
in
te
n
si
ty
is
on
ly

`s
en
si
ti
ve
'
ov
er
a
sh
or
t
sp
an
of
th
e
w
h
ol
e
s e
d
om
ai
n
-
fr
om

th
e
s e
d
ep
en
d
en
ce
of
th
e
li
n
e

em
is
si
v
it
y
-
th
e
co
n
ce
p
t
of
`e
m
is
si
v
it
y
co
ve
ra
ge
'
is
d
is
cu
ss
ed
in
gr
ea
te
r
d
et
ai
l
in
C
h
ap
te
r
5.

T
h
u
s,
eq
u
at
io
n
(4
.3
8)
y
ie
ld
s
an
u
n
b
ia
se
d
sc
al
in
g
fa
ct
or
fo
r
f
(s
e
)
b
y
e�
ec
ti
ve
ly
av
er
ag
in
g
ou
t

th
e
sc
al
in
g
ov
er
th
e
en
ti
re
s e
d
om
ai
n
.

A
s
is
cl
ea
r
fr
om
th
e
d
is
cu
ss
io
n
of
S
ec
ti
on
2.
1,
k
n
ow
le
d
ge
of
an
op
ti
m
al
va
lu
e
�
fo
r
th
e

in
ve
rs
io
n
|

in
ot
h
er
w
or
d
s
on
e
w
h
ic
h
b
es
t
re
p
ro
d
u
ce
s
th
e
d
at
a
(t
h
e
\X
2
"
te
rm
)
|

b
u
t
w
it
h

a
su
Æ
ci
en
tl
y
sm
o
ot
h
fu
n
ct
io
n
f
(s
e
)
is
im
p
or
ta
n
t.
F
or
th
e
st
an
d
ar
d
T
ic
h
on
ov
in
ve
rs
io
n
s
it
is

si
m
p
le
to
es
ti
m
at
e
a
va
lu
e
fo
r
�

�
�

tr
(K
T
K
)

tr
(H
)

(4
.3
9)

w
h
er
e
K

an
d
H

ar
e
th
e
ke
rn
el
an
d
sm
o
ot
h
in
g
m
at
ri
ce
s
re
sp
ec
ti
ve
ly
.
H
ow
to
ob
ta
in
su
ch

an
op
ti
m
al
va
lu
e
of
�
is
n
ot
so
cl
ea
r
w
h
en
u
si
n
g
th
e
R
IT
b
ec
au
se
of
th
e
n
on
-l
in
ea
ri
ty
of

4
T
h
e
in
te
n
si
ty
in
v
er
si
o
n
s
d
es
cr
ib
ed
h
er
e
w
il
l
b
e
p
er
fo
rm
ed
u
si
n
g
a
T
ic
h
o
n
ov
re
g
u
la
ri
sa
ti
o
n
ro
u
ti
n
e
w
it
h
th
e

sa
m
e
p
o
ly
n
o
m
ia
l
o
rd
er
o
f
sm
o
o
th
in
g
a
s
u
se
d
b
y
th
e
R
IT
to
en
su
re
a
fa
ir
co
m
p
a
ri
so
n
.
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R
E
S
U
L
T
S

th
e
op
erator
an
d
as
in
th
e
ap
p
lication
of
th
e
scalin
g
fu
n
ction
ab
ove
w
e
m
u
st
ad
d
ress
th
is

d
iÆ
cu
lty
a
po
ste
rio
ri.
T
h
at
is,
w
e
m
u
st
ob
tain
solu
tion
s
th
at
m
in
im
ise
eq
u
ation
(4.32)
over

a
w
id
e
ran
ge
of
�
.
T
h
is
is
p
erform
ed
b
y
ex
ten
d
in
g
th
e
estim
ation
m
eth
o
d
of
lin
ear
in
version
s

(cf.
�
gu
re
2.3)
an
d
con
sid
erin
g
a
reform
u
lation
of
eq
u
ation
(4.32)

�
2
=
X
2
+
�
D
2

(4.40)

w
h
ere
D
is
th
e
evalu
ation
of
th
e
sm
o
oth
in
g
op
erator.
T
h
e
sim
p
lest
w
ay
to
con
sid
er
th
is
is

grap
h
ically,
i.e.
w
e
p
lot
�
versu
s
D
2
versu
s
�
2
-
th
e
vector
v
=
(�
;D
2;�
2).
A
s
an
ex
ten
sion
to

th
e
stan
d
ard
lin
ear
in
version
case
th
e
b
est
solu
tion
,
th
at
n
ot
on
ly
satisfy
in
g
eq
u
ation
(4.32)

b
u
t
h
av
in
g
a
sm
o
oth
fu
n
ction
al
form
is
given
b
y

�
o
p
t
=
m
in

�

f q
�
2
+
�
2
+
D
2g
=
m
in

�

kv
k
2

(4.41)

w
h
ere
th
e
E
u
clid
ean
n
orm
k
�k
2
is
as
p
rev
iou
sly
d
e�
n
ed
.

It
is
im
p
ortan
t
to
stress
at
th
is
p
oin
t
th
at,
for
th
e
test
m
o
d
el
f
(s
e )
fu
n
ction
s
con
sid
ered
,

w
e
are
tak
in
g
a
`forw
ard
-b
ack
w
ard
'
ap
p
roach
.
T
h
at
is,
for
a
sp
eci�
c
m
o
d
el
f
(s
e )
fu
n
ction
,

w
e
p
erform
th
e
follow
in
g
step
s

F
o
rw
a
rd
-
F
or
th
e
series
of
lin
es
from
w
h
ich
w
e
w
ill
even
tu
ally
con
stru
ct
lin
e
ratios
w
e
m
u
st

calcu
late,
for
a
sp
eci�
c
m
o
d
el
f
(s
e ),
in
tegrated
lin
e
in
ten
sities
(eq
u
ation
(4.28)).
W
e
th
en

ran
d
om
ly
p
ertu
rb
th
ese
lin
e
in
ten
sities
w
ih
t
a
1�
error
of
15%
.
T
h
ese
in
ten
sities
are
th
en

u
sed
to
con
stru
ct
th
e
lin
e
ratios
u
sed
in
th
e
R
IT
,
in
th
is
case
R
o
bs

l

for
lin
e
p
air
l
=
(i;j).

B
a
ck
w
a
rd
-
T
ak
in
g
th
ese
valu
es
for
R
o
bs

l

,
th
eir
errors
�
lo
b
s

an
d
th
e
valu
es
of
�
lt
h ,
calcu
lated

as
d
escrib
ed
in
S
ection
4.2.1,
w
e
th
en
seek
to
op
tim
ise
eq
u
ation
(4.32)
for
sp
eci�
c
valu
es

of
�
an
d
sm
o
oth
in
g
fu
n
ction
al
�
(f
(s
e )).

A
s
a
fair
test
of
th
e
R
IT
w
e
p
erform
th
e
b
ack
w
ard
`leg'
tw
ice,
on
ce
u
sin
g
th
e
em
issiv
ities

u
sed
to
calcu
late
th
e
in
ten
sities
an
d
th
e
oth
er
u
sin
g
p
ertu
rb
ed
lin
e
em
issiv
ities.
T
h
e
p
oin
t

b
ein
g
th
at,
if
th
e
errors
are
tru
ly
sy
stem
atic
th
en
th
e
ratio
an
aly
sis
sh
ou
ld
allev
iate
th
eir

n
u
m
erical
e�
ect
on
th
e
recovered
solu
tion
.
T
h
ese
are
h
ereafter
referred
to
as
sta
n
d
a
rd
an
d

pe
rtu
rbed
in
version
s.
N
ote
th
at
th
e
p
ertu
rb
ed
in
version
s
are
all
carried
ou
t
w
ith
th
e
sam
e
set

of
p
ertu
rb
ed
em
issiv
ities
w
h
ich
is
ran
d
om
ly
ch
osen
from
th
e
set
of
20
d
iscu
ssed
ab
ove.

U
sin
g
th
ese
w
e
w
ill
see
h
ow
w
ell
th
e
R
IT
`�
lters
ou
t'
sy
stem
atic
errors
in
th
e
lin
e
em
is-

siv
ities
w
h
ich
cau
se
th
e
catastrop
h
ic
in
stab
ilities
for
stan
d
ard
in
ten
sity
in
version
s
fou
n
d
b
y

J
u
d
ge
et
al.
(1997).
T
h
e
follow
in
g
su
b
section
s
d
etail
th
e
resu
lts
of
th
ese
tests
for
�(T
e )
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R
E
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of
�
(n
e )
b
ecau
se
it
is
a
d
iagn
ostic
of
th
e
em
ittin
g
p
lasm
a
n
ot
com
m
on
ly
d
iscu
ssed
in
th
e

literatu
re.
It
is
an
ticip
ated
th
at
an
y
form
of
in
version
for
�
(n
e ),
w
h
eth
er
it
b
e
u
sin
g
th
e
R
IT

or
a
stan
d
ard
regu
larisation
rou
tin
e,
w
ill
su
�
er
from

seriou
s
p
rob
lem
s
asso
ciated
w
ith
th
e

p
o
or
con
d
ition
in
g
(see,
e.g.,
S
ection
2.1.2)
of
th
e
set
of
lin
e
em
issiv
ities
u
sed
.
A
gain
w
e
leave

d
iscu
ssion
of
th
is
e�
ect
to
C
h
ap
ter
5.
A
gross
sim
p
li�
cation
is
th
at,
w
h
ere
th
e
lin
e
em
issiv
ities

of
th
e
op
tically
th
in
em
ission
lin
es
are
relatively
p
eaked
fu
n
ction
s
in
T
e
an
d
are
n
o
t
so
w
h
en

con
sid
ered
as
fu
n
ction
s
of
n
e .
O
n
e
lo
ok
at
�
gu
res
5.1
an
d
5.9
w
ill
con
v
in
ce
th
e
read
er
of
th
at.

A
s
a
con
seq
u
en
ce
of
th
e
fu
n
ction
al
n
atu
re
of
th
e
lin
e
em
issiv
ities
th
e
con
d
ition
n
u
m
b
er
C
K

of
eq
u
ation
(4.29)
is
m
u
ch
larger
th
an
th
at
of
th
e
�(T
e )
in
version
case
ab
ove
an
d
th
e
d
egree

of
n
u
m
erical
stab
ility
in
th
e
in
version
is
d
ram
atically
red
u
ced
.
H
en
ce,
th
e
solu
tion
s
are
m
o
re

sen
sitive
to
d
ata
n
oise
an
d
are
likely
to
b
e
h
igh
ly
oscillatory
in
n
atu
re.

S
o,
n
eglectin
g
th
e
issu
es
con
cern
in
g
th
e
p
o
or
con
d
ition
in
g
w
e
p
resen
t
th
e
R
IT
test
resu
lts

for
a
test
m
o
d
el
(an
d
p
rob
lem
)
th
at
is
con
cep
tu
ally
n
o
d
i�
eren
t
from
th
ose
p
resen
ted
ab
ove.

H
ere
th
e
test
m
o
d
el
is
a
`S
tep
'
fu
n
ction
over
th
e
n
e
d
om
ain
(8:5
�
log
1
0

n
e
�
12:5)
an
d
is

sh
ow
n
in
�
gu
re
4.13.
A
gain
,
w
e
h
ave
p
erform
ed
th
e
`forw
ard
-b
ack
w
ard
'
an
aly
sis
d
escrib
ed

in
S
ection
4.3
w
ith
th
e
lin
e
in
ten
sities,
ratios,
stan
d
ard
an
d
d
istrib
u
tion
of
20
p
ertu
rb
ed

em
issiv
ities
calcu
lated
u
sin
g
th
e
recip
e
of
S
ection
4.2.1.

F
igu
re
4.13:
P
lot
of
th
e
`S
tep
'
test
m
o
d
el
of
�
(n
e ).
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in
ve
rs
io
n
of
eq
u
at
io
n
(4
.2
8)
b
y
p
er
tu
rb
at
io
n
s
in
th
e
li
n
e
em
is
si
v
it
ie
s
co
m
p
ar
ed
to
th
at
of
a

th
e
st
an
d
ar
d
li
n
e
in
te
n
si
ty
in
ve
rs
io
n
s.
F
ro
m
th
es
e
�
gu
re
s
it
is
cl
ea
r
th
at
al
th
ou
gh
th
e
R
IT

p
ro
v
id
es
a
m
or
e
th
an
ad
eq
u
at
e
in
ve
rs
io
n
fo
r
b
ot
h
of
th
e
te
st
m
o
d
el
s
w
h
en
u
si
n
g
th
e
st
an
d
ar
d

em
is
si
v
it
ie
s
it
re
al
ly
d
o
es
co
m
e
in
to
it
s
ow
n
w
h
en
su
p
p
li
ed
w
it
h
th
e
ra
n
d
om
ly
se
le
ct
ed
se
t
of

p
er
tu
rb
ed
em
is
si
v
it
ie
s.
In
d
ee
d
,
th
e
la
tt
er
is
a
ve
ry
ap
p
ro
p
ri
at
e
te
st
si
n
ce
,
in
m
an
y
si
tu
at
io
n
s

w
h
en
an
al
y
si
n
g
re
m
ot
el
y
se
n
se
d
U
V
sp
ec
tr
a,
w
e
ca
n
n
ot
b
e
su
re
ab
ou
t
th
e
n
at
u
re
of
th
e

em
it
ti
n
g
p
la
sm
a
to
ap
p
ro
p
ri
at
el
y
d
e�
n
e
th
e
p
ec
u
li
ar
it
ie
s
of
th
e
li
n
e
em
is
si
v
it
ie
s
re
q
u
ir
ed
to

p
er
fo
rm
th
e
in
ve
rs
io
n
.

T
ab
le
4.
2:
D
et
ai
ls
of
op
ti
m
al
va
lu
es
of
sm
o
ot
h
in
g
p
ar
am
et
er
�
ex
tr
ac
te
d
fr
om
th
e
va
ri
ou
s

th
e
R
IT
ru
n
s
on
th
e
tw
o
te
st
m
o
d
el
s
fo
r
th
e
d
i�
er
en
t
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s.
T
h
es
e
va
lu
es

ar
e
p
ri
n
ci
p
al
ly
ta
ke
n
fr
om
�
gu
re
4.
3
to
�
gu
re
4.
7.

M
o
d
el
N
u
m
b
er

S
m
o
ot
h
in
g
O
rd
er

P
er
tu
rb
ed
/
S
ta
n
d
ar
d

�
R
I
T

o
p
t

lo
g
1
0

�
T
I
C
H

o
p
t

1

1s
t

S
ta
n
d
ar
d

0.
10

5.
30

1

1s
t

P
er
tu
rb
ed

0.
10

6.
30

1

2n
d

S
ta
n
d
ar
d

0.
50

5.
25

1

2n
d

P
er
tu
rb
ed

0.
10

5.
80

2

1s
t

S
ta
n
d
ar
d

1.
00

6.
00

2

1s
t

P
er
tu
rb
ed

0.
50

6.
05

2

2n
d

S
ta
n
d
ar
d

0.
05

5.
45

2

2n
d

P
er
tu
rb
ed

0.
10

5.
75

S
o,
in
te
rm
s
of
ob
ta
in
in
g
u
n
iq
u
e
`r
el
ia
b
le
'
in
ve
rs
io
n
s
of
so
la
r
U
V
sp
ec
tr
os
co
p
ic
d
at
a
to

ob
ta
in
u
se
fu
l
em
p
ir
ic
al
an
d
p
h
y
si
ca
l
m
o
d
el
s
of
th
e
em
it
ti
n
g
st
ru
ct
u
re
,
th
e
R
IT
sh
ow
s
th
at
is

a
m
or
e
th
an
ca
p
ab
le
al
te
rn
at
iv
e
to
st
an
d
ar
d
re
gu
la
ri
se
d
in
ve
rs
io
n
s
an
d
th
e
�
gu
re
s
in
cl
u
d
ed

h
er
e
es
se
n
ti
al
ly
sp
ea
k
fo
r
th
em
se
lv
es
es
p
ec
ia
ll
y
w
h
en
w
e
n
ot
e
th
at
th
e
R
IT
ex
p
li
ci
tl
y
fo
rc
e
s

it
s
so
lu
ti
on
s
to
b
e
st
ri
ct
ly
p
os
it
iv
e
w
h
ic
h
is
n
ot
al
w
ay
s
th
e
ca
se
fo
r
st
an
d
ar
d
in
ve
rs
io
n
s.

4
.3
.2

R
IT
te
st
re
su
lt
s
fo
r
�
(n
e
)

In
a
co
m
p
le
te
ly
an
al
og
ou
s
ap
p
ro
ac
h
to
th
at
im
m
ed
ia
te
ly
ab
ov
e
w
e
te
st
th
e
R
IT
in
a
b
id
to

re
co
ve
r
th
e
d
i�
er
en
ti
al
em
is
si
on
m
ea
su
re
in
el
ec
tr
on
d
en
si
ty
�
(n
e
)
fr
om
a
se
ri
es
of
sy
n
th
et
ic
al
ly

ge
n
er
at
ed
li
n
e
ra
ti
os
.
H
er
e
w
e
on
ly
p
re
se
n
t
th
e
re
su
lt
s
of
th
e
R
IT
fo
r
on
e
te
st
m
o
d
el
fo
rm

4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
2:
T
h
e
io
n
is
at
io
n
fr
ac
ti
on
s
of
tw
o
d
i�
er
en
t
at
om
ic
m
o
d
el
s
fo
r
C
ar
b
on
io
n
s
C
II

th
ro
u
gh
C
V
I,
(t
op
)
a
st
an
d
ar
d
u
n
p
er
tu
rb
ed
m
o
d
el
,
an
d
(b
ot
to
m
)
a
m
o
d
el
w
h
er
e
ra
te
co
ef
-

�
ci
en
ts
h
av
e
b
ee
n
su
b
je
ct
to
ra
n
d
om
p
er
tu
rb
at
io
n
s.
T
h
e
e�
ec
t
of
th
e
p
er
tu
rb
at
io
n
is
m
os
t

cl
ea
rl
y
se
en
in
`L
i-
li
ke
'
C
IV
io
n
.
T
h
e
h
or
iz
on
ta
l
sc
al
e
is
lo
g
1
0
T
e
.
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T
ab
le
4.1:
D
etails
of
th
e
lin
e
p
airs
u
sed
in
th
e
R
IT
ru
n
s
on
�(T
e )
p
resen
ted
in
th
is
ch
ap
ter.

F
or
each
ratio
p
air
l
=
(i;j)
of
R
ij
th
e
n
u
m
erator,
i,
(N
)
an
d
d
en
om
in
ator,
j,
(D
)
lin
es
are

in
d
icated
,
alon
g
w
ith
th
e
ion
ic
stage
to
w
h
ich
th
ey
b
elon
g
an
d
th
eir
w
avelen
gth
(�
�A
).
A
lso

q
u
oted
is
th
e
m
easu
re
of
u
n
certain
ty
�
l
(i.e.
�
lt
h

as
a
fraction
of
th
e
th
eoretical
lin
e
ratio
R
lt
h

for
a

at
m
o
d
el
D
E
M
)
from
th
e
d
istrib
u
tion
of
20
p
ertu
rb
ed
lin
e
em
issiv
ities.
R
atio
p
airs

1
th
rou
gh
22
are
k
n
ow
n
h
ere
as
`C
orrelated
'
ratios
sin
ce
th
ey
h
ave
errors
in
b
-b
rates
on
ly

w
h
ereas
p
airs
23
th
rou
gh
30
are
`U
n
correlated
'
an
d
in
clu
d
e
errors
in
th
e
b
-f
rates
also.

#

Io
n
N

�
N

Io
n
D

�
D

�
l

#

Io
n
N

�
N

Io
n
D

�
D

�
l

1

C
IV

1
5
4
8
:1
8

C
IV

3
1
2
:4
2
0

0
:1
4
8
2

2

C
III

9
7
7
:0
2
0

C
III

1
1
7
5
:2
6

0
:0
4
7
2

3

M
g
IX

7
0
6
:0
6
0

M
g
IX

3
6
8
:0
7
0

0
:0
3
9
7

4

M
g
IX

7
0
6
:0
6
0

M
g
IX

4
4
5
:9
8
0

0
:0
2
7
3

5

N
e
V
II

8
9
5
:1
7
5

N
e
V
II

4
6
5
:2
2
0

0
:0
5
5
0

6

N
e
V
II

8
9
5
:1
7
5

N
e
V
II

5
6
2
:9
9
3

0
:0
1
9
4

7

N
e
V
I

5
6
2
:7
1
1

N
e
V
I

9
9
9
:6
3
0

0
:0
5
2
5

8

N
e
V
I

5
6
2
:7
1
1

N
e
V
I

4
5
4
:0
7
2

0
:0
5
6
6

9

S
i
III

1
2
0
6
:4
9

S
i
III

1
3
0
1
:1
4

0
:0
6
7
1

1
0

N
III

9
9
1
:5
0
2

N
III

7
7
2
:3
8
5

0
:0
2
9
9

1
1

O
V
I

1
0
3
1
:9
1

O
V
I

1
5
0
:0
8
9

0
:0
9
6
6

1
2

O
V

1
2
1
8
:3
4

O
V

6
2
9
:7
3
2

0
:0
4
0
5

1
3

O
V

1
2
1
8
:3
4

O
V

7
6
1
:1
2
8

0
:0
3
5
2

1
4

O
IV

7
9
0
:1
1
2

O
IV

1
4
0
1
:1
5

0
:0
4
0
5

1
5

O
IV

7
9
0
:1
1
2

O
IV

6
2
4
:6
1
8

0
:0
4
1
7

1
6

O
III

8
3
3
:7
1
5

O
III

1
6
6
6
:1
4

0
:0
4
9
3

1
7

S
i
X
I

5
8
2
:8
8
6

S
i
X
I

3
0
3
:5
8
2

0
:0
5
4
0

1
8

S
i
X

6
2
1
:0
7
9

S
i
X

2
8
7
:0
9
2

0
:0
4
8
0

1
9

S
i
IX

6
9
2
:7
3
1

S
i
IX

3
4
4
:9
5
1

0
:0
2
6
3

2
0

F
e
X
V

4
1
9
:5
5
2

F
e
X
V

3
9
6
:8
9
3

0
:0
4
3
0

2
1

F
e
X
V

4
1
9
:5
5
2

F
e
X
V

2
8
1
:3
4
2

0
:0
7
5
7

2
2

F
e
X
IV

4
4
7
:3
2
9

F
e
X
IV

3
3
4
:1
7
2

0
:0
2
1
7

2
3

C
IV

1
5
4
8
:1
8

C
III

9
7
7
:0
2
0

0
:0
7
7
5

2
4

C
III

9
7
7
:0
2
0

C
II

1
3
3
5
:6
6

0
:3
1
1
5

2
5

M
g
X

6
0
9
:7
9
3

M
g
IX

3
6
8
:0
7
0

0
:1
9
9
1

2
6

S
i
III

1
2
0
6
:4
9

S
i
IV

1
3
9
3
:7
5

0
:1
5
6
3

2
7

N
V

1
2
3
8
:8
2

O
V

6
2
9
:7
3
2

0
:1
8
0
8

2
8

O
V
I

1
0
3
1
:9
1

O
V

6
2
9
:7
3
2

0
:1
2
3
6

2
9

F
e
X
V

1
7
1
:8
3
9

F
e
X
V

4
1
9
:5
5
2

0
:0
7
0
8

3
0

O
V

6
2
9
:7
3
2

O
IV

1
4
0
1
:1
5

0
:1
0
6
1

4.3.
R
E
S
U
L
T
S

F
igu
re
4.10:
P
lots
sh
ow
in
g
d
etails
of
sin
gle
R
IT
ru
n
s
(u
sed
to
create
th
e
u
p
p
er
p
ortion
of

�
gu
re
4.6)
for
test
m
o
d
el
2
an
d
a
ran
ge
of
d
i�
eren
t
sm
o
oth
in
g
p
aram
eters
�
an
d
a
se
c
o
n
d

ord
er
sm
o
oth
in
g
fu
n
ction
al.
T
h
e
left
h
an
d
p
lots
sh
ow
th
e
solu
tion
retu
rn
ed
b
y
th
e
R
IT
at

th
e
en
d
of
its
10,000
gen
eration
ru
n
(solid
lin
e)
an
d
th
e
m
o
d
el
(d
ash
ed
lin
e)
for
p
e
rtu
rb
e
d

em
issiv
ities.
T
h
e
righ
t
h
an
d
p
lots
d
em
on
strate
h
ow
w
ell
th
e
actu
al
lin
e
ratios
R
ca
lc
for
each

p
air
are
recovered
.
T
h
e
`C
orrelated
'
(errors
in
b
-b
rates
on
ly
)
ratios
are
in
d
icated
b
y
�
an
d

th
e
`U
n
correlated
'
ratios
(errors
in
b
-f
rates
also)
are
in
d
icated
b
y
�.



4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
7:
P
lo
ts
sh
ow
in
g
d
et
ai
ls
of
si
n
gl
e
R
IT
ru
n
s
(u
se
d
to
cr
ea
te
th
e
u
p
p
er
p
or
ti
on
of

�
gu
re
4.
3)
fo
r
te
st
m
o
d
el
1
an
d
a
ra
n
ge
of
d
i�
er
en
t
sm
o
ot
h
in
g
p
ar
am
et
er
s
�
an
d
a
�
rs
t

or
d
er
sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
T
h
e
le
ft
h
an
d
p
lo
ts
sh
ow
th
e
so
lu
ti
on
re
tu
rn
ed
b
y
th
e
R
IT
at

th
e
en
d
of
it
s
10
,0
00
ge
n
er
at
io
n
ru
n
(s
ol
id
li
n
e)
an
d
th
e
m
o
d
el
(d
as
h
ed
li
n
e)
fo
r
st
a
n
d
a
rd

em
is
si
v
it
ie
s.
T
h
e
ri
gh
t
h
an
d
p
lo
ts
d
em
on
st
ra
te
h
ow
w
el
l
th
e
ac
tu
al
li
n
e
ra
ti
os
R
ca
lc
fo
r
ea
ch

p
ai
r
ar
e
re
co
ve
re
d
.
T
h
e
`C
or
re
la
te
d
'
ra
ti
os
(e
rr
or
s
in
b
-b
ra
te
s
on
ly
)
ar
e
in
d
ic
at
ed
b
y
�
an
d

th
e
`U
n
co
rr
el
at
ed
'
ra
ti
os
(e
rr
or
s
in
b
-f
ra
te
s
al
so
)
ar
e
in
d
ic
at
ed
b
y
�.

4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
4:
T
h
e
gl
ob
al
re
su
lt
s
of
th
e
R
IT
te
st
on
m
o
d
el
1
u
si
n
g
a
se
c
o
n
d
o
rd
e
r
(n
=
2)

sm
o
ot
h
in
g
fu
n
ct
io
n
al
ar
e
p
re
se
n
te
d
h
er
e
w
it
h
q
u
an
ti
ti
es
as
d
es
cr
ib
ed
in
�
gu
re
4.
3.
In
th
e

u
p
p
er
p
lo
t,
fo
r
st
an
d
ar
d
em
is
si
v
it
ie
s,
�
o
p
t
h
as
a
va
lu
e
of
0:
5
w
h
ic
h
h
as
an
as
so
ci
at
ed
�
2
of

0:
34
1.
L
ik
ew
is
e,
th
e
lo
w
er
p
lo
t,
fo
r
p
er
tu
rb
ed
em
is
si
v
it
ie
s,
�
o
p
t
h
as
a
va
lu
e
of
0:
1
w
h
ic
h
h
as

an
as
so
ci
at
ed
�
2
of
0:
21
7.
A
ga
in
,
�
o
p
t
is
in
d
ic
at
ed
b
y
�
on
th
e
u
p
p
er
cu
rv
e.



4.3.
R
E
S
U
L
T
S

F
igu
re
4.5:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
test
on
m
o
d
el
2
u
sin
g
a
�
rst
o
rd
e
r
(n
=

1)

sm
o
oth
in
g
fu
n
ction
al
are
p
resen
ted
h
ere
w
ith
q
u
an
tities
as
d
escrib
ed
in
�
gu
re
4.3.
In
th
e

u
p
p
er
p
lot,
for
stan
d
ard
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
1:0
w
h
ich
h
as
an
asso
ciated
�
2
of

34:64.
L
ikew
ise,
th
e
low
er
p
lot,
for
p
ertu
rb
ed
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:5
w
h
ich
h
as
an

asso
ciated
�
2
of
19:75.
It
is
clear
th
at
th
e
�
2
calcu
lation
is
d
om
in
ated
b
y
th
e
d
iscon
tin
u
ities

in
m
o
d
el
2
th
rou
gh
th
e
large
valu
es
of
D
2
asso
ciated
w
ith
�
rst
ord
er
sm
o
oth
in
g.
A
gain
,
�
o
p
t

is
in
d
icated
b
y
�
on
th
e
u
p
p
er
cu
rve.

4.3.
R
E
S
U
L
T
S

F
igu
re
4.6:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
test
on
m
o
d
el
2
u
sin
g
a
se
c
o
n
d
o
rd
e
r
(n
=
2)

sm
o
oth
in
g
fu
n
ction
al
are
p
resen
ted
h
ere
w
ith
q
u
an
tities
as
d
escrib
ed
in
�
gu
re
4.3.
In
th
e

u
p
p
er
p
lot,
for
stan
d
ard
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:05
w
h
ich
h
as
an
asso
ciated
�
2
of

0:597.
L
ikew
ise,
th
e
low
er
p
lot,
for
p
ertu
rb
ed
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:1
w
h
ich
h
as

an
asso
ciated
�
2
of
1:346.
A
gain
,
�
o
p
t
is
in
d
icated
b
y
�
on
th
e
u
p
p
er
cu
rve.



4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
3:
T
h
e
gl
ob
al
re
su
lt
s
of
th
e
R
IT
te
st
on
m
o
d
el
1
u
si
n
g
a
�
rs
t
o
rd
e
r
(n
=

1)

sm
o
ot
h
in
g
fu
n
ct
io
n
al
ar
e
b
es
t
p
re
se
n
te
d
in
th
is
w
ay
.
O
n
p
lo
tt
in
g
sm
o
ot
h
in
g
p
ar
am
et
er
�

ve
rs
u
s
th
e
`r
ou
gh
n
es
s'
of
th
e
so
lu
ti
on
,
gi
ve
n
ab
ov
e
as
D
2
se
e
eq
u
at
io
n
(4
.3
3)
ve
rs
u
s
�
2
ca
lc
u
-

la
te
d
th
ro
u
gh
eq
u
at
io
n
(4
.3
2)
w
e
ar
e
ab
le
to
id
en
ti
fy
th
e
va
lu
e
of
�
th
at
op
ti
m
is
es
th
e
re
co
ve
ry

of
R
o
bs
w
it
h
a
re
as
on
ab
ly
sm
o
ot
h
fu
n
ct
io
n
.
T
h
is
va
lu
e
(�
o
p
t)
is
d
et
er
m
in
ed
b
y
�
n
d
in
g
th
e

p
oi
n
t
v
=
(�
;D
2
;�
2
)
in
d
ic
at
ed
b
y
�
on
th
e
u
p
p
er
cu
rv
e
cl
os
es
t
to
th
e
or
ig
in
0
,
se
e
eq
u
a-

ti
on
(4
.4
1)
.
In
th
is
ca
se
�
o
p
t
=
0:
1
w
h
en
u
si
n
g
st
an
d
ar
d
an
d
p
er
tu
rb
ed
em
is
si
v
it
ie
s
y
ie
ld
in
g

va
lu
es
fo
r
�
2
of
1:
01
7
an
d
0:
99
4
re
sp
ec
ti
ve
ly
.

4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
8:
P
lo
ts
sh
ow
in
g
d
et
ai
ls
of
si
n
gl
e
R
IT
ru
n
s
(u
se
d
to
cr
ea
te
th
e
u
p
p
er
p
or
ti
on
of

�
gu
re
4.
3)
fo
r
te
st
m
o
d
el
1
an
d
a
ra
n
ge
of
d
i�
er
en
t
sm
o
ot
h
in
g
p
ar
am
et
er
s
�
an
d
a
�
rs
t

or
d
er
sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
T
h
e
le
ft
h
an
d
p
lo
ts
sh
ow
th
e
so
lu
ti
on
re
tu
rn
ed
b
y
th
e
R
IT
at

th
e
en
d
of
it
s
10
,0
00
ge
n
er
at
io
n
ru
n
(s
ol
id
li
n
e)
an
d
th
e
m
o
d
el
(d
as
h
ed
li
n
e)
fo
r
p
e
rt
u
rb
e
d

em
is
si
v
it
ie
s.
T
h
e
ri
gh
t
h
an
d
p
lo
ts
d
em
on
st
ra
te
h
ow
w
el
l
th
e
ac
tu
al
li
n
e
ra
ti
os
R
ca
lc
fo
r
ea
ch

p
ai
r
ar
e
re
co
ve
re
d
.
T
h
e
`C
or
re
la
te
d
'
ra
ti
os
(e
rr
or
s
in
b
-b
ra
te
s
on
ly
)
ar
e
in
d
ic
at
ed
b
y
�
an
d

th
e
`U
n
co
rr
el
at
ed
'
ra
ti
os
(e
rr
or
s
in
b
-f
ra
te
s
al
so
)
ar
e
in
d
ic
at
ed
b
y
�.



4.3.
R
E
S
U
L
T
S

F
igu
re
4.9:
P
lots
sh
ow
in
g
d
etails
of
sin
gle
R
IT
ru
n
s
(u
sed
to
create
th
e
u
p
p
er
p
ortion
of

�
gu
re
4.6)
for
test
m
o
d
el
2
an
d
a
ran
ge
of
d
i�
eren
t
sm
o
oth
in
g
p
aram
eters
�
an
d
a
se
c
o
n
d

ord
er
sm
o
oth
in
g
fu
n
ction
al.
T
h
e
left
h
an
d
p
lots
sh
ow
th
e
solu
tion
retu
rn
ed
b
y
th
e
R
IT
at

th
e
en
d
of
its
10,000
gen
eration
ru
n
(solid
lin
e)
an
d
th
e
m
o
d
el
(d
ash
ed
lin
e)
for
sta
n
d
a
rd

em
issiv
ities.
T
h
e
righ
t
h
an
d
p
lots
d
em
on
strate
h
ow
w
ell
th
e
actu
al
lin
e
ratios
R
ca
lc
for
each

p
air
are
recovered
.
T
h
e
`C
orrelated
'
ratios
(errors
in
b
-b
rates
on
ly
)
are
in
d
icated
b
y
�
an
d

th
e
`U
n
correlated
'
ratios
(errors
in
b
-f
rates
also)
are
in
d
icated
b
y
�.

4.3.
R
E
S
U
L
T
S

resp
ectively.

G
iven
th
e
stru
ctu
re
of
th
e
glob
al
resu
lts
(sh
ow
n
in
�
gu
res
4.3
th
rou
gh
4.6)
th
e
action
of
th
e

in
version
's
op
tim
isation
p
ro
cess
is
clear;
in
creased
sm
o
oth
in
g
d
o
es
create
a
sm
o
oth
fu
n
ction
,

b
u
t
on
e
th
at
d
o
es
n
ot
n
ecessarily
en
h
an
ce
th
e
recovery
of
th
e
ratio
p
airs.
S
om
e
d
etails
of

in
d
iv
id
u
al
solu
tion
s
are
sh
ow
n
in
�
gu
res
4.7
th
rou
gh
4.10
w
h
ere
w
e
can
clearly
ob
serve
th
e

im
p
ortan
t
role
th
at
�
p
lay
s
in
th
e
op
tim
isation
.
T
h
is
series
of
�
gu
res
d
em
on
strates,
for
a

ran
ge
of
sm
o
oth
in
g
p
aram
eters,
th
e
relation
sh
ip
b
etw
een
th
e
recovered
solu
tion
(solid
lin
e)

of
th
e
resp
ective
m
o
d
el
(d
ash
ed
lin
e)
an
d
th
e
valu
es
of
R
ca
lc
at
th
e
en
d
of
th
e
R
IT
ru
n
.
T
h
e

righ
t
h
an
d
sid
e
of
�
gu
res
4.7
th
rou
gh
4.10
sh
ow
th
e
b
eh
av
iou
r
of
th
e
ratio
R
o
b
s

R
c
a
lc

for
all
th
e
lin
e

ratio
p
airs,
w
ith
th
e
`C
orrelated
'
ratios
(b
-b
errors
on
ly
;
#
:
1
!
22)
an
d
th
e
`U
n
correlated
'

ratios
(in
clu
d
es
b
-f
errors
also;
#
:
23
!

30)
in
d
icated
b
y
�
an
d
�
resp
ectively.
C
learly,

lo
ok
in
g
at
th
ese
�
gu
res
in
gen
eral
w
e
n
otice
th
at
w
h
en
�
is
sm
all
relative
to
X
an
d
D
(�
1)

th
e
solu
tion
is
u
n
d
er-con
strain
ed
an
d
is
h
igh
ly
oscillatory
an
d
recovers
th
e
valu
es
of
R
o
bs
to

w
ith
in
a
few
ten
th
s
of
a
p
ercen
t.
H
ow
ever,
if
�
is
large
relative
to
X
an
d
D
(�
1)
w
e
see
th
at

th
e
solu
tion
is
over-con
strain
ed
(an
d
over-sm
o
oth
ed
)
an
d
is
d
etrim
en
tal
to
th
e
recovery
of

th
e
ob
served
lin
e
ratios
sin
ce
th
e
recovered
�(T
e )
fu
n
ction
n
o
lon
ger
ad
eq
u
ately
`�
ts'
th
e
d
ata

th
rou
gh
th
e
`fold
in
g'
of
th
e
em
issiv
ities.
S
im
ilarly
w
e
ob
serve
th
at
in
th
e
m
a
jority
cases
it
is

th
e
u
n
correlated
ratios
th
at
are
least
w
ell
rep
ro
d
u
ced
.
T
h
is
is
ev
id
en
ce
th
at
eq
u
ation
(4.32)

is
a
tru
e
�
2
estim
ate
sin
ce
w
e
w
ou
ld
ex
p
ect
th
at
th
e
q
u
an
tities
w
ith
th
e
h
igh
est
u
n
certain
ties

�
lt
h

w
ill
b
e
given
least
`w
eigh
t'
in
th
e
calcu
lation
an
d
h
en
ce,
b
e
m
ost
p
o
orly
recovered
.
T
h
is

is
all
h
igh
ly
an
alogou
s
to
th
e
p
ro
cess
of
ch
o
osin
g
a
`cu
t-o�
'
p
oin
t,
in
a
in
version
u
sin
g
sin
gu
lar

valu
e
d
ecom
p
osition
,
th
at
su
p
p
resses
th
e
eigen
fu
n
ction
s
corresp
on
d
in
g
to
sm
all
eigen
valu
es

th
at
w
as
d
iscu
ssed
in
S
ection
2.1.3.1.

U
sin
g
th
e
valu
es
of
th
e
op
tim
al
sm
o
oth
in
g
p
aram
eter
(�
o
p
t )
id
en
ti�
ed
in
�
gu
re
4.3
to

�
gu
re
4.10
w
e
p
ro
ceed
b
y
com
p
arin
g
th
e
R
IT
w
ith
a
stan
d
ard
T
ich
on
ov
in
version
for
lin
e

in
ten
sities
5.
T
h
ese
valu
es
are
collated
in
T
ab
le
4.2
for
each
test
m
o
d
el
w
h
ere
w
e
h
ave
m
ad
e
u
se

of
eq
u
ation
(4.39)
to
estim
ate
su
ch
an
op
tim
al
valu
e
for
th
e
T
ich
on
ov
in
version
.
T
h
is
in
version

com
p
arative
is
an
ticip
ated
to
sh
ow
th
at
th
e
p
ertu
rb
ation
s
ap
p
lied
to
th
e
lin
e
em
issiv
ities
can

b
e
catered
for
in
th
e
R
IT
b
u
t
n
o
t
in
a
stan
d
ard
rou
tin
e
b
y
d
esign
.
In
d
eed
,
w
e
p
resen
t
th
e

set
of
com
p
arative
test
resu
lts
for
th
e
R
IT
in
�
gu
res
4.11
an
d
4.12.
T
h
ese
�
gu
res,
as
stated

ab
ove,
d
em
on
strate
th
e
e�
ectiven
ess
of
th
e
R
IT
in
com
b
attin
g
th
e
e�
ects
im
p
osed
on
th
e

5O
n
ly
th
e
4
3
lin
e
in
ten
sities
u
sed
to
fo
rm
th
e
3
0
lin
e
ra
tio
va
lu
es
a
re
u
sed
in
th
is
ca
lcu
la
tio
n
.
T
h
ese
lin
es

ca
n
clea
rly
b
e
id
en
ti�
ed
fro
m
T
a
b
le
4
.1
.
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F
ig
u
re
4.
1:
P
lo
t
of
th
e
tw
o
te
st
m
o
d
el
fo
rm
s
of
�(
T
e
).
M
o
d
el
1
(d
as
h
ed
li
n
e)
is
a
co
n
ti
n
u
ou
s

fu
n
ct
io
n
w
h
er
ea
s
m
o
d
el
2
(s
ol
id
li
n
e)
h
as
tw
o
d
is
co
n
ti
n
u
it
ie
s
in
T
e
.
T
h
es
e
tw
o
m
o
d
el
fu
n
ct
io
n
s

d
is
p
la
y
al
l
th
e
m
a
jo
r
ch
ar
ac
te
ri
st
ic
s
th
at
w
e
m
ay
se
e
in
re
al
in
fe
rr
ed
�(
T
e
)
fu
n
ct
io
n
s
of
th
e

so
la
r
at
m
os
p
h
er
e.

4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
11
:
C
om
p
ar
at
iv
e
re
su
lt
s
fo
r
th
e
R
IT
an
d
a
st
an
d
ar
d
in
ve
rs
io
n
w
h
en
u
si
n
g
b
ot
h

st
an
d
ar
d
(u
p
p
er
p
lo
ts
)
an
d
p
er
tu
rb
ed
(l
ow
er
p
lo
ts
)
em
is
si
v
it
ie
s.
R
ec
ov
er
ed
fu
n
ct
io
n
s
fr
om

th
e
R
IT
(s
ol
id
li
n
es
)
an
d
a
st
an
d
ar
d
T
ic
h
on
ov
re
gu
la
ri
sa
ti
on
(d
ot
-d
as
h
li
n
es
)
ar
e
p
lo
tt
ed

ag
ai
n
st
th
e
te
st
m
o
d
el
;
in
th
is
ca
se
m
o
d
el
1,
th
e
co
n
ti
n
u
ou
s
te
st
m
o
d
el
.
T
h
e
va
lu
es
of
�
o
p
t

ca
n
b
e
ob
ta
in
ed
fr
om
T
ab
le
4.
2.



4.3.
R
E
S
U
L
T
S

F
igu
re
4.12:
C
om
p
arative
resu
lts
for
th
e
R
IT
an
d
a
stan
d
ard
in
version
w
h
en
u
sin
g
b
oth

stan
d
ard
(u
p
p
er
p
lots)
an
d
p
ertu
rb
ed
(low
er
p
lots)
em
issiv
ities.
R
ecovered
fu
n
ction
s
from

th
e
R
IT
(solid
lin
es)
an
d
a
stan
d
ard
T
ich
on
ov
regu
larisation
(d
ot-d
ash
lin
es)
are
p
lotted

again
st
th
e
test
m
o
d
el;
in
th
is
case
m
o
d
el
1,
th
e
con
tin
u
ou
s
test
m
o
d
el.
T
h
e
valu
es
of
�
o
p
t

can
b
e
ob
tain
ed
from
T
ab
le
4.2.

4.3.
R
E
S
U
L
T
S

(S
ection
4.3.1)
an
d
�
(n
e )
in
version
s
(S
ection
4.3.2)
an
d
,
for
`com
p
leten
ess',
S
ection
4.3.3

d
em
on
strates
th
e
u
sefu
ln
ess
of
im
p
lem
en
tin
g
a
d
i�
eren
t,
m
ore
gen
eralised
sm
o
oth
in
g
(or

regu
larisation
)
fu
n
ction
al.

4
.3
.1

R
IT
te
st
re
su
lts
fo
r
�(T
e )

In
th
is
section
w
e
test
th
e
p
rop
erties
of
th
e
R
atio
In
version
T
ech
n
iq
u
e
(R
IT
)
again
st
th
ose
of

a
`stan
d
ard
'
in
version
m
eth
o
d
.
T
h
at
is,
w
e
w
ill
ex
p
loit
th
e
error
�
lterin
g
cap
ab
ilities
of
th
e

lin
e-ratio
tech
n
iq
u
e
of
ob
tain
in
g
p
lasm
a
d
iagn
ostic
q
u
an
tities
an
d
n
u
m
erical
in
stab
ility
of
a

G
A
op
tim
isation
ap
p
roach
in
th
e
face
of
large
sy
stem
atic
errors
in
th
e
lin
e
em
issiv
ities
like

th
ose
d
iscu
ssed
in
S
ection
2.2.

T
h
e
m
o
d
el
�(T
e )
fu
n
ction
s
w
e
con
sid
er
h
ere
are
con
trived
to
en
com
p
ass
th
e
variou
s
classes

of
�(T
e )
fu
n
ction
likely
to
o
ccu
r
in
th
e
solar
atm
osp
h
ere
an
d
n
ot
as
h
av
in
g
an
y
sp
eci�
c
p
h
y
sical

p
lasm
a
in
terp
retation
.
W
e
stu
d
y
tw
o
su
ch
fu
n
ction
s
h
ere:
m
o
d
el
1
is
strictly
con
tin
u
ou
s
over

th
e
tem
p
eratu
re
d
om
ain
(4:5
�
log
1
0
T
e
�
6:5)
an
d
is
p
arab
olic
in
form
w
h
ereas
m
o
d
el
2
is
a

`T
op
-H
at'
fu
n
ction
w
ith
d
iscon
tin
u
ities
in
T
e .
T
h
e
tw
o
test
m
o
d
els
are
sh
ow
n
in
�
gu
re
4.1,

recall
th
at
th
ese
fu
n
ction
s
are
d
iscretised
over
30
tem
p
eratu
re
p
oin
ts.

T
ab
le
4.1
id
en
ti�
es
th
e
lin
e
ratio
p
airs
l
u
sed
in
th
ese
calcu
lation
s
alon
g
w
ith
th
eir
w
ave-

len
gth
s
(�
�A
)
an
d
th
eir
m
easu
re
of
th
e
th
eoretical
u
n
certain
ty
in
th
e
lin
e
ratio
�
l
(�
lt
h

as
a

fraction
of
R
lt
h

for
a

at
m
o
d
el
�(T
e )
fu
n
ction
.)
It
is
clear
th
at,
as
an
ticip
ated
,
th
e
lin
e
ratio

p
airs
w
ith
each
lin
e
b
elon
gin
g
to
a
com
m
on
ion
isation
stage
of
th
e
atom

h
av
in
g
con
sid
er-

ab
ly
low
er
valu
es,
in
gen
eral,
th
an
oth
ers
b
ein
g
ty
p
ically
in
th
e
ran
ge
of
�
l
�
2
�
10%
.
T
h
e

`U
n
correlated
'
lin
e
ratio
p
airs
h
ave
ty
p
ical
valu
es
u
p
w
ard
of
20%
.
N
ote,
th
e
u
n
u
su
ally
large

error
in
th
e
ratios
of
lin
es
w
ith
in
th
e
L
ith
iu
m
like
(L
i-like,
to
u
se
th
e
n
otation
of
C
h
ap
ter
2)

ion
C
IV
.
F
igu
re
4.2
illu
strates
th
e
d
iscrep
an
cy
b
etw
een
tw
o
d
i�
eren
t
atom
ic
m
o
d
els
th
rou
gh

th
e
ion
isation
b
alan
ce
of
m
u
ltip
ly
ion
ised
carb
on
(C
II
-
C
IV
)
as
a
fu
n
ction
of
T
e .

A
s
stated
in
th
e
p
rev
iou
s
section
th
e
solu
tion
s
are
evolved
over
a
�
x
ed
n
u
m
b
er
of
gen
er-

ation
s
(10,000)
over
a
w
id
e
ran
ge
of
valu
es
for
�
an
d
for
d
i�
eren
t
ord
ers
n
of
sm
o
oth
in
g
or

regu
larisation
(n
=
1
or
2
for
th
ese
sim
p
le
test
cases).
T
h
ese
tests
allow
an
aly
sis
of
th
e
R
IT
in

a
glob
al
w
ay.
In
oth
er
w
ord
s,
w
e
ex
h
ib
it
th
e
resu
lts
b
y
p
lottin
g
th
e
vector
v
(=
(�
;D
2;�
2))

d
iscu
ssed
ab
ove
to
h
elp
id
en
tify
th
e
op
tim
al
valu
e
of
�
(�
o
p
t )
w
h
ich
,
w
ill
in
tu
rn
b
e
u
sed

for
com
p
arison
of
th
e
recovered
solu
tion
w
ith
th
at
ob
tain
ed
u
sin
g
a
stan
d
ard
T
ich
on
ov
in
-

version
.
F
igu
res
4.3
th
rou
gh
4.6
sh
ow
th
ese
glob
al
resu
lts
for
th
e
tw
o
m
o
d
els
w
ith
�
rst
an
d

secon
d
ord
er
sm
o
oth
in
g
for
stan
d
ard
(top
of
p
lot)
an
d
p
ertu
rb
ed
(b
ottom
of
p
lot)
in
version
s
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k
n
ow
n
as
e
li
ti
sm
,
it
s
fu
n
ct
io
n
b
ei
n
g
th
at
th
e
so
lu
ti
on
b
es
t
sa
ti
sf
y
in
g
eq
u
at
io
n
(4
.3
2)
(a
t
th
e

en
d
of
ea
ch
ge
n
er
at
io
n
)
is
re
ta
in
ed
fo
r
in
th
e
p
op
u
la
ti
on
of
p
os
si
b
le
so
lu
ti
on
s
fo
r
b
re
ed
in
g
th
e

n
ex
t
an
d
p
re
ce
d
in
g
ge
n
er
at
io
n
s.

E
ac
h
in
d
iv
id
u
al
in
th
e
p
op
u
la
ti
on
,
co
m
p
os
ed
of
10
0
in
d
iv
id
u
al
s,
is
m
ad
e
u
p
of
M

=
30

`p
ar
am
et
er
s'
w
it
h
th
e
it
h
p
ar
am
et
er
ev
al
u
at
in
g
th
e
D
E
M
fu
n
ct
io
n
at
th
e
it
h
p
oi
n
t
in
s e
sp
ac
e,

i.
e.
f
(s
e i
).
R
IT
d
o
es
n
ot
co
u
p
le
th
es
e
p
ar
am
et
er
s
(t
h
er
e
is
n
o
in
te
rp
ol
at
io
n
b
et
w
ee
n
th
em
)

an
d
ch
oi
ce
of
M

=
30
as
th
e
n
u
m
b
er
of
d
is
cr
et
is
at
io
n
p
oi
n
ts
is
en
ti
re
ly
ar
b
it
ra
ry
.
T
h
is
n
u
m
b
er

ca
n
b
e
in
cr
ea
se
d
b
u
t
ca
re
m
u
st
b
e
ex
er
ci
se
d
b
ec
au
se
,
as
M

in
cr
ea
se
s
th
e
li
n
e
em
is
si
v
it
ie
s
ge
t

`c
lo
se
r'
to
th
e
co
n
ti
n
u
ou
s
in
te
gr
al
op
er
at
or
s3
th
ey
re
p
re
se
n
t
an
d
in
cr
ea
se
th
e
p
os
si
b
il
it
y
of

n
u
m
er
ic
al
in
st
ab
il
it
y.
T
h
e
ch
oi
ce
of
N
,
th
e
n
u
m
b
er
of
li
n
e
ra
ti
o
p
ai
rs
u
se
d
in
th
e
an
al
y
si
s

is
ar
b
it
ra
ry
,
b
u
t
w
e
n
ot
e
th
at
si
gn
i�
ca
n
t
in
cr
ea
se
in
N

ab
ov
e
30
sa
y,
m
ay
al
so
p
ro
d
u
ce
an

in
cr
ea
se
in
n
u
m
er
ic
al
in
st
ab
il
it
y
of
th
e
re
co
ve
re
d
so
lu
ti
on
.
T
h
is
is
p
ar
ti
cu
la
rl
y
tr
u
e
if
u
si
n
g

an
in
cr
ea
se
d
n
u
m
b
er
of
ra
ti
o
p
ai
rs
fr
om

on
e
p
ar
ti
cu
la
r
io
n
ic
st
ag
e
si
n
ce
th
en
th
e
`l
in
ea
r

d
ep
en
d
en
ce
'
of
th
e
op
er
at
or
to
b
e
in
ve
rt
ed
is
in
cr
ea
se
d
co
n
si
d
er
ab
ly
.
T
h
is
w
as
d
is
cu
ss
ed
in

C
h
ap
te
r
2
an
d
sh
al
l
b
e
m
et
ag
ai
n
,
in
gr
ea
te
r
d
ep
th
,
in
C
h
ap
te
r
5.

T
h
e
ac
ti
on
of
th
e
R
IT
is
b
es
t
d
es
cr
ib
ed
as
th
e
fo
ll
ow
in
g
:

1.
G
en
er
at
e
10
0
ra
n
d
om

so
lu
ti
on
s
as
an
in
it
ia
l
p
op
u
la
ti
on
,
ca
lc
u
la
te
th
e
re
su
lt
in
g
�
2

of

eq
u
at
io
n
(4
.3
2)
fo
r
ea
ch
in
d
iv
id
u
al
.

2.
C
h
o
os
e
a
su
b
se
t
ac
co
rd
in
g
to
th
ei
r
va
lu
es
of
�
2
,
an
d
b
re
ed
th
em
to
p
ro
d
u
ce
a
n
ew
p
op
u
-

la
ti
on
.

3.
C
al
cu
la
te
th
e
va
lu
e
of
�
2
fo
r
ea
ch
in
d
iv
id
u
al
in
th
e
n
ew
p
op
u
la
ti
on
.

4.
R
ep
la
ce
th
e
ol
d
p
op
u
la
ti
on
w
it
h
th
e
n
ew
on
e.

5.
C
h
ec
k
th
at
th
e
n
u
m
b
er
of
ge
n
er
at
io
n
s
h
as
re
ac
h
ed
it
s
m
ax
im
u
m
va
lu
e;
if
n
ot
re
tu
rn
to

st
ep
2.

4
.3

R
e
su
lt
s

In
th
is
se
ct
io
n
w
e
h
ig
h
li
gh
t
th
e
op
er
at
io
n
of
th
e
R
IT
al
go
ri
th
m
on
se
ve
ra
l
te
st
D
E
M
fu
n
ct
io
n
s

an
d
co
m
p
ar
e
th
e
re
su
lt
s
w
it
h
st
an
d
ar
d
(l
in
ea
r)
in
ve
rs
io
n
s.
S
ec
ti
on
4.
3.
1
d
is
cu
ss
es
th
e
an
al
y
si
s

3
N
o
t
o
n
ly
d
o
th
ey
`a
p
p
ro
a
ch
'
th
e
a
ct
u
a
l
fo
rm
o
f
th
e
in
te
g
ra
l
o
p
er
a
to
rs
,
a
p
a
te
n
tl
y
p
o
o
r
p
ro
p
er
ty
,
b
u
t
th
ey

re
d
u
ce
th
e
e�
ec
ti
v
en
es
s
o
f
th
e
g
en
et
ic
o
p
er
a
to
rs
;
th
is
is
d
is
cu
ss
ed
a
s
ea
rl
ie
r,
se
e
e.
g
,
C
h
a
p
te
r
3
.
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ve
ct
or
v
(=
(�
;D
2
;�
2
))
fo
r
ea
ch
d
i�
er
en
t
R
IT
se
tu
p
to
id
en
ti
fy
th
e
op
ti
m
al
va
lu
e
of
�
(�
o
p
t)
.

F
ig
u
re
s
4.
14
an
d
4.
15
sh
ow
th
es
e
p
lo
ts
fo
r
th
e
�
(n
e
)
st
ep
fu
n
ct
io
n
w
it
h
�
rs
t
an
d
se
co
n
d
or
d
er

sm
o
ot
h
in
g
fo
r
st
an
d
ar
d
(t
op
of
p
lo
t)
an
d
p
er
tu
rb
ed
(b
ot
to
m

of
p
lo
t)
em
is
si
v
it
y
in
ve
rs
io
n
s

re
sp
ec
ti
ve
ly
.
S
im
il
ar
ly
to
�
gu
re
s
4.
7
th
ro
u
gh
4.
10
w
e
p
re
se
n
t
d
et
ai
ls
of
so
m
e
sp
ec
i�
c
ru
n
s

of
th
e
R
IT
in
�
gu
re
s
4.
16
an
d
4.
17
w
h
ic
h
cl
ea
rl
y
d
em
on
st
ra
te
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
th
e

re
co
ve
re
d
so
lu
ti
on
(s
ol
id
li
n
e)
of
th
e
`S
te
p
'
m
o
d
el
(d
as
h
ed
li
n
e)
an
d
th
e
va
lu
es
of
R
ca
lc
at
th
e

en
d
of
th
e
R
IT
ru
n
.
A
ga
in
,
th
e
ri
gh
t
h
an
d
si
d
e
of
th
e
�
gu
re
s
sh
ow
th
e
b
eh
av
io
u
r
of
th
e
ra
ti
o

R
o
b
s

R
c
a
lc

fo
r
al
l
th
e
li
n
e
ra
ti
o
p
ai
rs
,
th
e
`C
or
re
la
te
d
'
ra
ti
os
(#
:
1
!

18
)
an
d
th
e
`U
n
co
rr
el
at
ed
'

ra
ti
os
(#
:
19
!
24
)
w
h
ic
h
ar
e
in
d
ic
at
ed
b
y
�
an
d
�
re
sp
ec
ti
ve
ly
.

T
ab
le
4.
4:
D
et
ai
ls
of
op
ti
m
al
va
lu
es
of
sm
o
ot
h
in
g
p
ar
am
et
er
�
ex
tr
ac
te
d
fr
om
th
e
va
ri
ou
s
th
e

R
IT
ru
n
s
on
th
e
si
n
gl
e
te
st
m
o
d
el
fo
r
th
e
d
i�
er
en
t
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s.
T
h
es
e
va
lu
es
ar
e

p
ri
n
ci
p
al
ly
ta
ke
n
fr
om
�
gu
re
s
4.
14
an
d
4.
15
.

S
m
o
ot
h
in
g
O
rd
er

P
er
tu
rb
ed
/
S
ta
n
d
ar
d

�
R
I
T

o
p
t

lo
g
1
0

�
T
I
C
H

o
p
t

1s
t

S
ta
n
d
ar
d

0.
01
0

4.
20

1s
t

P
er
tu
rb
ed

0.
00
1

4.
40

2n
d

S
ta
n
d
ar
d

0.
01
0

4.
00

2n
d

P
er
tu
rb
ed

0.
00
1

4.
10

F
ro
m

�
gu
re
4.
18
,
th
e
re
su
lt
s
of
th
e
R
IT
ru
n
s
fo
r
th
is
p
ar
ti
cu
la
r
te
st
,
it
is
cl
ea
r
th
at

al
th
ou
gh
th
e
R
IT
p
ro
d
u
ce
s
an
sl
ig
h
tl
y
ov
er
-s
m
o
ot
h
ed
so
lu
ti
on
it
y
ie
ld
s
a
re
co
ve
re
d
st
ru
ct
u
re

th
at
is
si
gn
i�
ca
n
tl
y
b
et
te
r
th
an
th
e
h
ig
h
ly
os
ci
ll
at
or
y
(n
o
t
st
ri
c
tl
y
po
si
ti
v
e
)
so
lu
ti
on
of
th
e

st
an
d
ar
d
in
te
n
si
ty
in
ve
rs
io
n
in
th
e
p
re
se
n
ce
of
15
%
d
at
a
n
oi
se
6
.
R
ec
al
li
n
g
th
at
w
e
p
re
sc
ri
b
e

on
ly
th
at
th
e
so
lu
ti
on
sa
ti
sf
y
th
e
tw
o
cr
it
er
ia
(r
ec
ov
er
y
of
R
o
bs
w
it
h
a
ce
rt
ai
n
d
eg
re
e
of

p
re
sc
ri
b
ed
sm
o
ot
h
n
es
s,
h
ow
ev
er
d
e�
n
ed
)
w
e
ob
se
rv
e
li
tt
le
of
th
e
os
ci
ll
at
io
n
in
th
e
R
IT
te
st

re
su
lt
s
ev
en
th
ou
gh
th
e
va
lu
e
of
C
K

is
si
gn
i�
ca
n
tl
y
h
ig
h
er
th
an
th
at
of
th
e
p
re
v
io
u
s
�(
T
e
)

in
ve
rs
io
n
s
(1
01
7
co
m
p
ar
ed
to
10
1
1
).
It
is
cl
ea
r
ag
ai
n
th
at
th
e
R
IT
al
so
p
re
se
rv
es
th
e
p
os
it
iv
it
y

of
th
e
re
co
ve
re
d
so
lu
ti
on
s
ev
en
th
ou
gh
th
e
so
lu
ti
on
s
ap
p
ea
r
ov
er
-s
m
o
ot
h
ed
th
is
is
an
ar
ti
fa
ct

of
th
e
`
at
n
es
s'
of
th
e
li
n
e
em
is
si
v
it
ie
s
th
em
se
lv
es
.
T
h
is
e�
ec
t
is
ex
p
la
in
ed
in
th
e
n
ex
t
ch
ap
te
r.

6
T
h
es
e
o
sc
il
la
ti
o
n
s
in
th
e
so
lu
ti
o
n
a
re
v
is
ib
ly
le
ss
w
h
en
th
e
d
a
ta
n
o
is
e
is
n
o
t
so
h
ig
h
.
T
h
is
ca
n
b
e
o
b
se
rv
ed

fo
r
5
%
in
te
n
si
ty
n
o
is
e
in
th
e
n
ex
t
ch
a
p
te
r.



4.3.
R
E
S
U
L
T
S

F
igu
re
4.14:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
test
on
th
e
`S
tep
'
m
o
d
el
for
�
(n
e )
u
sin
g
a
�
rst

o
rd
e
r
(n
=
1)
sm
o
oth
in
g
fu
n
ction
al
are
p
resen
ted
h
ere
w
ith
q
u
an
tities
as
d
escrib
ed
ab
ove.

In
th
e
u
p
p
er
p
lot,
for
stan
d
ard
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:01
w
h
ich
h
as
an
asso
ciated

�
2
of
0:181.
L
ikew
ise,
th
e
low
er
p
lot,
for
p
ertu
rb
ed
em
issiv
ities,
�
o
p
t
h
as
a
valu
e
of
0:001

w
h
ich
h
as
an
asso
ciated
�
2
of
5:827.
A
s
in
p
rev
iou
s
�
gu
res
it
is
clear
th
at
th
e
�
2
calcu
lation

is
d
om
in
ated
b
y
th
e
d
iscon
tin
u
ities
in
th
e
m
o
d
el.
A
gain
,
�
o
p
t
is
in
d
icated
b
y
�
on
th
e
u
p
p
er

cu
rve.

4.2.
R
A
T
IO
IN
V
E
R
S
IO
N
S
O
L
U
T
IO
N
S
F
O
R
D
E
M

F
U
N
C
T
IO
N
S

cou
rse,
th
ere
are
oth
er
p
ossib
le
atom
ic
an
d
ex
tern
al
m
ech
an
ism
s
th
at
can
fu
rth
er
in
crease

th
ese
estim
ates
b
u
t
d
iscu
ssion
of
th
ese
is
left
u
n
til
C
h
ap
ter
6.

T
h
e
actu
al
p
ro
cess
of
p
ertu
rb
in
g
th
e
atom
ic
rates/co
eÆ
cien
ts
is
carried
ou
t
b
y
rou
tin
es

of
th
e
H
A
O
-D
ia
p
er
atom
ic
calcu
lation
p
ackage.
T
o
ob
tain
actu
al
estim
ates
of
�
lt
h

w
e
h
ave
to

ob
tain
a
d
istrib
u
tion
of
lin
e
em
issiv
ities
for
each
lin
e,
each
w
ith
d
i�
eren
t
ran
d
om
realisation
s

of
th
e
con
stitu
en
t
atom
ic
factors.
W
e
ob
tain
tw
en
ty
su
ch
realisation
s
for
each
lin
e
an
d
u
se

th
e
follow
in
g
recip
e
to
con
stru
ct
valu
es
of
�
lt
h

for
th
e
lin
e
p
air
l
=
(i;j).

1.
C
alcu
late
th
e
in
tegrated
lin
e
in
ten
sities
for
ea
c
h
lin
e
an
d
each
p
ertu
rb
ed
lin
e
em
issiv
ity
;

y
ield
in
g
a
d
istrib
u
tion
of
Q
=
20
lin
e
in
ten
sities.
It
sh
ou
ld
b
e
n
oted
th
at
w
e
u
se
a
con
stan
t

`
at'
f
0 (s
e )
to
calcu
late
th
ese
in
ten
sities
b
u
t
su
ch
an
ap
p
rox
im
ation
is
n
ot
taken
ligh
tly
an
d

is
m
ad
e
p
rim
arily
to
h
ave
a
sim
p
le
an
d
u
n
iform
error
estim
ate
for
every
lin
e
n
o
m
atter
at

w
h
at
tem
p
eratu
re
it
is
form
ed
at.
S
o,
retu
rn
in
g
to
th
e
p
rob
lem
in
h
an
d
w
e
h
ave
calcu
lated

20
ran
d
om
ly
p
ertu
rb
ed
valu
es
I
0i
(cf.
eq
u
ation
(4.28))

I
0i
= Z

s
e
K
i (s
e )f
0 (s
e )d
s
e
:

(4.36)

2.
R
ep
eat
th
e
p
rev
iou
s
calcu
lation
for
every
p
ossib
le
lin
e
u
n
til
d
istrib
u
tion
s
of
lin
e
in
ten
sities

I
i
=
f
I
1i ;:::;I
Qi

g
are
form
ed
.

3.
U
se
th
e
d
istrib
u
tion
s
of
step
2
to
form

d
istrib
u
tion
s
for
th
e
variou
s
em
ission
lin
e
p
airs

R
l
=
f
R
1l ;:::;R
Ql

g.
N
ote
th
at
th
e
in
d
iv
id
u
al
valu
es
of
R
jl
(1
�
j
�
Q
)
are
calcu
lated

w
ith
th
e
d
en
om
in
ator
an
d
n
u
m
erator
lin
e
in
ten
sities
are
taken
from

th
e
sam
e
m
o
d
el,

m
o
d
el
j.

4.
G
iven
n
ow
th
at
w
e
h
ave
a
ran
d
om

d
istrib
u
tion
s
for
th
e
sam
e
`
at'
f
(s
e )
fu
n
ction
it
is

reason
ab
le
assu
m
e
th
at
th
e
stan
d
ard
d
ev
iation
s
(1�
)
of
th
e
d
istrib
u
tion
s
ap
p
rox
im
ate
th
e

valu
es
of
�
lt
h

w
ell.

4
.2
.2

S
p
e
ci�
cs
o
f
th
e
R
a
tio
In
v
e
rsio
n
T
e
ch
n
iq
u
e
(R
IT
)

A
s
n
oted
ab
ove
w
e
are
m
ak
in
g
u
se
of
th
e
ad
ap
tab
ility
of
a
G
en
etic
A
lgorith
m

(G
A
)
to

p
erform
th
is
n
on
-lin
ear
in
version
.
T
h
e
G
A
ap
p
roach
allow
s
a
very
h
igh
d
egree
of
con
trol
to

b
e
p
laced
in
th
e
h
an
d
s
of
th
e
u
ser
(i.e.
u
s)
an
d
a
G
A
e�
ectively
allow
s
u
s
to
sp
ecify
th
e

n
u
m
b
er
of
gen
eration
s
(10,000;
sign
i�
can
tly
m
ore
th
an
th
e
ex
am
p
les
p
resen
ted
in
C
h
ap
ter
3)

over
w
h
ich
th
e
solu
tion
w
ill
evolve
over;
th
e
�
n
al
solu
tion
b
ein
g
th
at
w
h
ich
b
est
op
tim
ises

eq
u
ation
(4.32).
A
lso,
th
e
G
A
m
eth
o
d
w
e
u
se
im
p
lem
en
ts
a
gen
etic
p
reced
en
ce
op
erator



4.
2.
R
A
T
IO
IN
V
E
R
S
IO
N
S
O
L
U
T
IO
N
S
F
O
R
D
E
M

F
U
N
C
T
IO
N
S

in
C
h
ap
te
r
2,
a
m
at
te
r
of
co
n
st
ru
ct
in
g
a
li
n
ea
r
m
at
ri
x
eq
u
at
io
n
.
N
ot
on
ly
th
is
b
u
t
w
e
ar
e

re
q
u
ir
ed
to
u
se
so
m
e
fo
rm

of
re
gu
la
ri
si
n
g
m
ec
h
an
is
m

to
co
n
st
ra
in
th
e
sm
o
ot
h
n
es
s
of
th
e

re
co
ve
re
d
so
lu
ti
on
.
M
at
h
em
at
ic
al
ly
sp
ea
k
in
g,
w
e
ar
e
at
te
m
p
ti
n
g
to
so
lv
e
th
e
ra
ti
o
of
tw
o

in
te
gr
al
eq
u
at
io
n
s
fo
r
a
u
n
iv
ar
ia
te
D
E
M

fu
n
ct
io
n
,
f
(s
e
),
of
th
e
ob
se
rv
ed
d
ia
gn
os
ti
c
q
u
an
ti
ty

s e
(n
e
or
T
e
),
ea
ch
gi
ve
n
b
y
(c
f.
eq
u
at
io
n
s
(4
.7
)
an
d
(4
.1
7)
)

I i
=

Z s e
K
i(
s e
)f
(s
e
)d
s e
:

(4
.2
8)

R
ec
al
li
n
g
th
at
th
is
eq
u
at
io
n
ca
n
b
e
ex
p
re
ss
ed
as
a
li
n
ea
r
m
at
ri
x
eq
u
at
io
n
g
=
K
f
an
d
th
at

th
e
er
ro
rs
ÆK

in
th
e
li
n
e
em
is
si
v
it
ie
s
ca
n
b
e
tr
an
sp
or
te
d
,
v
ia
th
e
er
ro
rs
in
li
n
e
in
te
n
si
ti
es

Æg
,
to
fr
ac
ti
on
al
er
ro
rs
an
d
n
u
m
er
ic
al
in
st
ab
il
it
ie
s
in
th
e
re
co
ve
re
d
so
lu
ti
on
(a
ss
u
m
in
g
th
at

f
=
K
�
1
g
ex
is
ts
)
of
th
e
fo
rm
,
cf
.
eq
u
at
io
n
(2
.2
8)
,
fo
r
an
ar
b
it
ra
ry
n
or
m

kÆ
fk
kf
k

�
 C

K

1
�
C
0 K

! k
Æg
k

kg
k

+
 C
0 K

1
�
C
0 K

!

(4
.2
9)

w
h
er
e
C
K

an
d
C
0 K

ar
e
th
e
co
n
d
it
io
n
n
u
m
b
er
an
d
ad
ju
st
ed
co
n
d
it
io
n
n
u
m
b
er
of
m
at
ri
x
K
as

d
e�
n
ed
in
C
h
ap
te
r
2.
S
o,
fo
r
a
se
t
of
N

li
n
e
ra
ti
os
f
R
ij
g
w
e
h
av
e
fo
r
li
n
e
p
ai
rs
i;
j
(a
n
d

i
6=
j)
w
it
h
re
sp
ec
ti
ve
in
te
gr
at
ed
li
n
e
in
te
n
si
ti
es
I i
an
d
I j

R
ij
=

I i I j
=

R s e
K
i(
s e
)f
(s
e
)
d
s e

R s e
K
j
(s
e
)f
(s
e
)
d
s e

:

(4
.3
0)

F
ro
m
th
is
re
la
ti
on
sh
ip
w
e
ca
n
en
v
is
io
n
w
h
y
th
e
li
n
e
ra
ti
o
te
ch
n
iq
u
e
h
as
p
ro
ve
n
so
p
op
u
la
r

as
th
e
m
ai
n
d
ia
gn
os
ti
c
te
ch
n
iq
u
e
in
sp
ac
e
b
or
n
e
u
lt
ra
v
io
le
t
sp
ec
tr
os
co
p
y
;
th
e
ra
ti
o
of
li
ke

at
om
ic
te
rm
s
n
eg
at
es
sy
st
em
at
ic
er
ro
rs
in
th
os
e
te
rm
s.
T
h
is
is
on
e
of
th
e
p
oi
n
ts
th
is
w
or
k

w
il
l
ex
p
lo
it
.
S
im
il
ar
ly
,
w
e
u
se
th
e
ri
go
u
r1
of
ob
ta
in
in
g
th
e
D
E
M
fu
n
ct
io
n
s
as
el
o
q
u
en
tl
y
an
d

p
oi
n
te
d
ly
st
at
ed
b
y
P
ot
ta
sc
h
(1
96
4)
an
d
la
te
r
b
y
C
ra
ig
&
B
ro
w
n
(1
97
6)
.

R
ec
en
tl
y,
F
lu
d
ra
&
S
ch
m
el
z
(1
99
5)
em
p
lo
ye
d
a
li
n
e-
ra
ti
o
ap
p
ro
ac
h
,
lo
os
el
y
co
m
p
ar
ab
le
to

th
e
R
IT
,
to
in
fe
r
co
ro
n
al
at
om
ic
ab
u
n
d
an
ce
s
of
th
e

ar
in
g
co
ro
n
al
p
la
sm
a.
T
h
ei
r
d
is
cu
ss
io
n

fo
cu
se
d
on
th
e
an
al
y
si
s
of
S
of
t
X
-r
ay
(1
0
-
10
0
ke
V
)
li
n
es
ob
ta
in
ed
b
y
th
e
S
ol
ar
M
ax
im
u
m

M
is
si
on
(S
M
M
)
F
la
t
C
ry
st
al
S
p
ec
tr
om
et
er
(F
C
S
;
A
ct
on
et
al
.
19
80
)
an
d
p
ro
d
u
ce
d
,
as
a
b
y
-

-p
ro
d
u
ct
,
D
E
M

fu
n
ct
io
n
s
�(
T
e
)
fo
r
th
e
h
ig
h
te
m
p
er
at
u
re
(6
�
lo
g
1
0
T
e
�
8)

ar
in
g
p
la
sm
a.

T
h
e
an
al
y
si
s
F
lu
d
ra
&
S
ch
m
el
z
(1
99
5)
p
re
se
n
te
d
h
ow
ev
er
,
d
id
n
ot
m
ak
e
an
y
e�
or
t
to
co
m
-

p
en
sa
te
fo
r
th
e
p
ot
en
ti
al
ly
d
am
ag
in
g
th
eo
re
ti
ca
l
at
om
ic
u
n
ce
rt
ai
n
ti
es
d
is
cu
ss
ed
ab
ov
e.
E
ve
n

th
ou
gh
th
e
co
m
m
u
n
it
y
w
as
w
el
l
aw
ar
e
of
th
e
d
iÆ
cu
lt
ie
s
of
co
n
st
ru
ct
in
g
re
li
ab
le
at
om
ic
tr
an
-

si
ti
on
m
o
d
el
s
it
w
as
n
ev
er
p
ro
p
er
ly
ad
d
re
ss
ed
in
th
e
li
te
ra
tu
re
u
n
ti
l
19
97
w
it
h
th
e
w
or
k
of

J
u
d
ge
et
al
.
(1
99
7)
.

1
O
f
co
u
rs
e,
th
is
is
ri
g
o
u
r
in
th
e
m
a
th
em
a
ti
ca
l
se
n
se
;
th
e
D
E
M

fu
n
ct
io
n
s
a
re
th
e
o
n
ly
tr
u
e
d
ia
g
n
o
st
ic
o
f
th
e

em
it
ti
n
g
so
la
r
p
la
sm
a
fr
o
m
su
ch
a
n
in
v
er
se
fo
rm
a
li
sm
.

4.
3.
R
E
S
U
L
T
S

F
ig
u
re
4.
17
:
P
lo
ts
sh
ow
in
g
d
et
ai
ls
of
si
n
gl
e
R
IT
ru
n
s
(u
se
d
to
cr
ea
te
th
e
lo
w
er
p
or
ti
on
of

�
gu
re
4.
15
)
fo
r
th
e
`S
te
p
'
m
o
d
el
an
d
a
ra
n
ge
of
d
i�
er
en
t
sm
o
ot
h
in
g
p
ar
am
et
er
s
�
an
d
a

se
c
o
n
d
or
d
er
sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
T
h
e
le
ft
h
an
d
p
lo
ts
sh
ow
th
e
so
lu
ti
on
re
tu
rn
ed
b
y
th
e

R
IT
at
th
e
en
d
of
it
s
10
,0
00
ge
n
er
at
io
n
ru
n
(s
ol
id
li
n
e)
an
d
th
e
m
o
d
el
(d
as
h
ed
li
n
e)
fo
r

p
e
rt
u
rb
e
d
em
is
si
v
it
ie
s.
T
h
e
ri
gh
t
h
an
d
p
lo
ts
d
em
on
st
ra
te
h
ow
w
el
l
th
e
ac
tu
al
li
n
e
ra
ti
os

R
ca
lc
fo
r
ea
ch
p
ai
r
ar
e
re
co
ve
re
d
.
T
h
e
`C
or
re
la
te
d
'
ra
ti
os
(e
rr
or
s
in
b
-b
ra
te
s)
ar
e
in
d
ic
at
ed

b
y
�
an
d
th
e
`U
n
co
rr
el
at
ed
'
ra
ti
os
(e
rr
or
s
in
b
-f
ra
te
s
al
so
)
ar
e
in
d
ic
at
ed
b
y
�.



4.3.
R
E
S
U
L
T
S

F
igu
re
4.18:
C
om
p
arative
resu
lts
for
th
e
R
IT
an
d
a
stan
d
ard
in
version
w
h
en
u
sin
g
b
oth

stan
d
ard
(u
p
p
er
p
lots)
an
d
p
ertu
rb
ed
(low
er
p
lots)
em
issiv
ities.
R
ecovered
fu
n
ction
s
from

th
e
R
IT
(solid
lin
es)
an
d
a
stan
d
ard
T
ich
on
ov
regu
larisation
(d
ot-d
ash
lin
es)
are
p
lotted

again
st
th
e
test
m
o
d
el;
in
th
is
case
m
o
d
el
1,
th
e
con
tin
u
ou
s
test
m
o
d
el.
T
h
e
valu
es
of
�
o
p
t

can
b
e
ob
tain
ed
from
T
ab
le
4.4.

4.2.
R
A
T
IO
IN
V
E
R
S
IO
N
S
O
L
U
T
IO
N
S
F
O
R
D
E
M

F
U
N
C
T
IO
N
S

P
erform
in
g
an
op
eration
d
escrib
ed
in
?
?
w
e
re-in
d
ex
from
l
=
1;:::;m
an
d
q
=
1;:::;p
to
�
=

1;:::;m
p
so
th
at
eq
u
ation
(4.25)
m
ay
b
e
recast
in
a
stan
d
ard
m
atrix
form
,
w
h
ere
th
e
�
n
e ,

�
T
e
term
s
are
com
b
in
ed
to
form
a
m
easu
re
of
th
e
red
im
en
sion
ed
sp
ace,
n
am
ely
�
(N
e N
T
e )

an
d
ab
sorb
ed
in
to
th
e
red
im
en
sion
ed
form
of
K
0(n

e ;T
e ).
T
h
erefore
eq
u
ation
(4.25)
b
ecom
es:

R
i;j(i)
=

m
n
X�

=
1
U
�
K
0i�

(4.26)

W
h
ere
U
is
th
e
1
d
im
en
sion
al
tran
sform

of
th
e
2
d
im
en
sion
al
fu
n
ction
�
.
T
h
is
h
as
an

an
aly
tical
solu
tion
of
th
e
form
(cf.
eq
u
ation
s
(4.16)
an
d
(4.20))

U
=
K
0 �
1fM
�
1

ij
(hn
e i
ij ;T
0ij )g :

(4.27)

A
gain
K
0 �
1
is
eq
u
ivalen
t,
b
u
t
n
ot
eq
u
al
to
th
at
of
eq
u
ation
(4.16).
A
lso,
th
e
com
m
en
ts

ab
ove
on
th
e
u
n
iq
u
en
ess
of
in
verse
op
erators
in
th
e
�
p
rob
lem
ap
p
ly
eq
u
ally
to
th
e
b
ivariate

p
rob
lem
.

4
.2

R
a
tio
in
v
e
rsio
n
so
lu
tio
n
s
fo
r
D
E
M

fu
n
ctio
n
s

T
h
e
relation
sh
ip
s
d
iscu
ssed
in
th
e
p
rev
iou
s
section
s
h
ave
allu
d
ed
to
a
`clean
'
relation
sh
ip

b
etw
een
lin
e
ratios
an
d
d
istrib
u
tion
s
of
th
e
fu
n
d
am
en
tal
p
lasm
a
q
u
an
tities
(i.e.
th
e
D
E
M

fu
n
ction
s).
In
th
e
follow
in
g
d
iscu
ssion
w
e
w
ill
sh
ow
th
at
th
ese
relation
sh
ip
s
can
b
e
taken
on
e

step
fu
rth
er
u
sin
g
a
n
ew
,
h
y
b
rid
algorith
m
to
ob
tain
th
e
d
iscretised
D
E
M

fu
n
ction
s
u
sin
g
a

lin
e
ratio-like
in
version
m
eth
o
d
.
S
u
ch
an
ap
p
roach
h
as
several
ad
van
tages
over
eith
er
of
th
e

tw
o
m
eth
o
d
s
p
rev
iou
sly
d
iscu
ssed
.
T
h
e
p
rin
cip
al
d
isad
van
tages
of
b
oth
ap
p
roach
es
are,
as

d
iscu
ssed
ab
ove:

1.
U
sin
g
th
e
in
d
iv
id
u
al
lin
e
ratio
ap
p
roach
on
its
ow
n
is
n
ot
en
ou
gh
to
ob
tain
m
ean
in
gfu
l

reliab
le
d
istrib
u
tion
s
of
th
e
p
lasm
a
d
iagn
ostic
q
u
an
tities.

2.
T
h
e
fu
ll
solu
tion
of
th
e
ill-p
osed
in
verse
p
rob
lem

to
ob
tain
th
e
D
E
M

fu
n
ction
s
is
very

m
u
ch
in

u
en
ced
b
y
th
eoretical
u
n
certain
ties
in
th
e
atom
ic
factors
u
sed
to
form
u
late
th
e

p
rob
lem
an
d
n
ot
on
ly
ob
servation
al
errors.

It
is
im
p
ortan
t
to
stress
th
at
th
e
o
n
ly
stan
d
ard
in
version
carried
ou
t
th
at
con
sid
ered
su
ch

th
eoretical
u
n
certain
ties
w
as
J
u
d
ge
et
al.
(1997).
A
lso,
th
e
sy
stem
atic
n
atu
re
of
th
ese
u
n
cer-

tain
ties
req
u
ire
th
at
a
m
eth
o
d
like
th
e
R
IT
is
n
eed
ed
.

T
h
e
d
iÆ
cu
lty
w
ith
`fu
sin
g'
th
ese
tw
o
con
cep
ts
to
p
ro
d
u
ce
a
h
y
b
rid
algorith
m

is
of
a

p
u
rely
con
cep
tu
al
n
atu
re.
S
tan
d
ard
p
ractice
w
h
en
solv
in
g
an
in
verse
p
rob
lem
is,
as
d
iscu
ssed



4.
1.
R
E
L
A
T
IO
N
B
E
T
W
E
E
N
L
IN
E
R
A
T
IO
A
N
D
E
M
IS
S
IO
N
M
E
A
S
U
R
E
A
N
A
L
Y
S
E
S

I
o
bs
j(
i)
,
(i
6=
j)
,
k
n
ow
n
to
d
ep
en
d
d
i�
er
en
tl
y
on
T
e
fr
om
li
n
e
i
(h
en
ce
th
e
n
ot
at
io
n
j(
i)
),
w
e

ob
ta
in

R
� i;
j(
i)
=

I i
I
o
bs
j(
i)

=
Z T

e
K
0 i(
T
e
)
�(
T
e
)
d
T
e

(4
.1
2)

w
it
h
K
0 i(
T
e
)
=

K
i
(T
e
)

I
o
b
s

j
(i
)

.
T
h
is
ex
p
re
ss
io
n
th
u
s
gi
ve
s
th
e
ra
ti
o
of
th
e
th
eo
re
ti
ca
l
in
te
n
si
ty
fo
r
li
n
e

i
to
th
e
o
b
se
rv
ed
in
te
n
si
ty
of
li
n
e
j(
i)
.
A
t
th
is
st
ag
e
I i
,
an
d
h
en
ce
R
� i;
j(
i)
,
ar
e
n
ot
k
n
ow
n

q
u
an
ti
ti
es
.
If
w
e
se
t
R
� i;
j(
i)
=
R
i;
j
,
th
e
ob
se
rv
ed
li
n
e
ra
ti
o,
th
en
eq
u
at
io
n
(4
.1
2)
b
ec
om
es
an

in
te
gr
al
eq
u
at
io
n
w
it
h
k
n
ow
n
L
H
S
,
an
d
k
n
ow
n
ke
rn
el
K
0 i(
T
e
),
in
w
h
ic
h
�(
T
e
)
is
th
e
q
u
an
ti
ty

to
b
e
d
et
er
m
in
ed
.
C
on
si
d
er
fo
rm
in
g
n
ra
ti
os
of
th
e
in
te
n
si
ti
es
of
a
se
t
of
em
is
si
on
li
n
es
to

fo
rm
a
ve
ct
or
R
:

R
=
(R
1
;j
(1
);
R
2
;j
(2
);
::
:;
R
n
;j
(n
))

(4
.1
3)

If
w
e
d
is
cr
et
is
e
eq
u
at
io
n
(4
.1
2)
w
it
h
re
sp
ec
t
to
T
e
,
th
en
th
e
eq
u
at
io
n
b
ec
om
es
a
m
at
ri
x

eq
u
at
io
n
of
th
e
fo
rm
:

R
=
K
0
�:

(4
.1
4)

T
h
e
ro
w
s
of
K
0
ar
e
si
m
p
ly
ro
w
s
of
ke
rn
el
s
of
eq
u
at
io
n
(4
.7
)
d
iv
id
ed
b
y
ob
se
rv
ed
li
n
e
in
te
n
si
ti
es
.

T
h
is
h
as
th
e
(p
o
or
ly
co
n
d
it
io
n
ed
,
se
e
C
ra
ig
&
B
ro
w
n
19
86
)
an
al
y
ti
ca
l
so
lu
ti
on
:

�
=
K
0�
1
R
:

(4
.1
5)

T
h
is
eq
u
at
io
n
fo
r
n
ra
ti
os
p
er
m
it
s
�
to
b
e
d
et
er
m
in
ed
at
u
p
to
n
d
is
cr
et
e
te
m
p
er
at
u
re
s.
T
h
e

ab
ov
e
il
lu
st
ra
te
s
th
at
th
e
eq
u
at
io
n
s
fo
r
li
n
e
ra
ti
os
ca
n
b
e
si
m
p
ly
re
-w
ri
tt
en
in
a
st
an
d
ar
d

fo
rm
,
w
h
ic
h
ca
n
th
u
s
b
e
u
se
d
in
n
u
m
er
ic
al
al
go
ri
th
m
s
an
d
w
il
l
b
e
d
is
cu
ss
ed
b
el
ow
.
B
u
t
w
e

h
av
e
n
ot
ye
t
w
ri
tt
en
th
e
fo
rm
al
eq
u
iv
al
en
ce
b
et
w
ee
n
th
e
�(
T
e
)
fu
n
ct
io
n
s
an
d
a
se
t
of
li
n
e

ra
ti
os
,
an
d
th
ei
r
co
rr
es
p
on
d
in
g
m
ea
n
d
er
iv
ed
te
m
p
er
at
u
re
s.
F
ro
m
th
e
ab
ov
e,
th
is
is
cl
ea
rl
y

ju
st

�
=
K
0�
1
fS
ij
(h
T
e
i i
j
)g
;

(4
.1
6)

w
h
er
e
fS
ij
(h
T
e
i i
j
)g
d
en
ot
es
th
e
ar
ra
y
of
li
n
e
ra
ti
os
in
d
ex
ed
b
y
i.
T
h
is
ex
p
re
ss
io
n
re
la
te
s
th
e

D
E
M

to
th
e
se
t
of
sp
ec
tr
os
co
p
ic
al
ly
d
er
iv
ed
te
m
p
er
at
u
re
s
th
ro
u
gh
th
e
in
ve
rs
e
of
th
e
m
at
ri
x

K
0 .

4
.1
.2

R
e
la
ti
o
n
sh
ip
b
e
tw
e
e
n
�
(n
e
)
a
n
d
hn
e
i

D
u
e
to
th
e
in
h
om
og
en
eo
u
s
n
at
u
re
of
th
e
so
la
r
at
m
os
p
h
er
e
it
is
cl
ea
r
th
at
th
e
co
n
st
it
u
en
t

p
la
sm
a
h
as
n
o
u
n
iq
u
e
n
e
.
W
e
ca
n
,
n
ev
er
th
e
le
ss
,
d
e�
n
e
a
sp
ec
tr
os
co
p
ic
`m
ea
n
'
el
ec
tr
on

d
en
si
ty
fo
r
th
e
ra
ti
o
of
li
n
es
d
is
p
la
y
in
g
so
m
e
d
eg
re
e
of
d
en
si
ty
se
n
si
ti
v
it
y.
A
s
st
at
ed
p
re
v
io
u
sl
y

4.
4.
A
P
P
L
IC
A
T
IO
N
O
F
T
H
E
R
IT
T
O
S
E
R
T
S
-8
9
D
A
T
A

A
p
p
li
ca
ti
on
of
th
e
R
IT
to
th
is
p
ar
ti
cu
la
rl
y
in
te
re
st
in
g
d
at
as
et
m
ay
re
so
lv
e
d
is
cr
ep
en
ci
es

in
th
e
D
E
M

an
al
y
si
s
p
re
se
n
te
d
in
ea
ch
of
th
e
p
ap
er
s
gi
ve
n
im
m
ed
ia
te
ly
ab
ov
e.
E
ac
h
au
th
or

p
u
b
li
sh
ed
re
co
ve
re
d
fo
rm
s
fo
r
�(
T
e
)
fu
n
ct
io
n
s
sh
ow
in
g
d
i�
er
en
t
fu
n
ct
io
n
al
st
ru
ct
u
re
(h
av
in
g

d
ir
ec
t,
p
ot
en
ti
al
ly
in
co
rr
ec
t,
im
p
li
ca
ti
on
s
fo
r
th
e
p
h
y
si
ca
l
st
ru
ct
u
re
of
th
e
p
la
sm
a
it
se
lf
)

b
et
w
ee
n
6
<
lo
g
1
0
T
e
<
7.
T
h
e
D
E
M

an
al
y
si
s
p
re
se
n
te
d
b
y
B
ri
ck
h
ou
se
et
al
.
(1
99
5)
fo
u
n
d

th
at
�(
T
e
)
h
ad
a
si
n
g
le
te
m
p
er
at
u
re
p
ea
k
w
h
er
ea
s
th
e
an
al
y
si
s
of
L
an
d
i
&
L
an
d
in
i
19
97
(s
ee

to
p
of
�
gu
re
4.
21
)
w
as
tr
ip
le
p
ea
ke
d
ov
er
th
e
sa
m
e
re
gi
on
.
A
s
an
as
id
e,
th
e
D
E
M
an
al
y
si
s
of

B
ro
si
u
s
et
al
.
(1
99
6)
fo
r
S
E
R
T
S
-9
1
an
d
S
E
R
T
S
-9
3
av
er
ag
ed
ac
ti
ve
re
gi
on
sp
ec
tr
a
su
gg
es
te
d

th
at
�(
T
e
)
sh
ou
ld
b
e
d
o
u
b
le
p
ea
ke
d
ov
er
th
is
te
m
p
er
at
u
re
ra
n
ge
.
T
h
e
an
al
y
si
s
p
re
se
n
te
d
in

L
an
za
fa
m
e
et
al
.
(1
99
8)
(a
ls
o
ad
vo
ca
ti
n
g
th
e
si
n
g
le
p
ea
k
�(
T
e
),
se
e
b
ot
to
m
of
�
gu
re
4.
21
)

d
em
on
st
ra
te
d
th
at
sp
u
ri
ou
s
re
su
lt
s
su
ch
as
th
e
ab
ov
e
m
ay
ar
is
e
fr
om
th
e
sa
m
e
th
eo
re
ti
ca
l

u
n
ce
rt
ai
n
ti
es
in
th
e
li
n
e
em
is
si
v
it
ie
s
d
is
cu
ss
ed
b
y
J
u
d
ge
et
al
.
(1
99
7)
b
u
t
al
so
fr
om
th
e
u
se

of
an
in
te
gr
al
in
ve
rs
io
n
te
ch
n
iq
u
e
w
it
h
an
ar
b
it
ra
ry
sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
H
er
e,
w
e
se
e
w
h
at

th
e
R
IT
ca
n
re
co
ve
r
fr
om
th
e
sa
m
e
d
at
a.

A
s
fa
r
as
ou
r
an
al
y
si
s
is
co
n
ce
rn
ed
,
w
e
co
n
ce
n
tr
at
e
on
th
e
fu
n
ct
io
n
al
fo
rm
of
�(
T
e
)
re
co
v
-

er
ed
b
y
th
e
R
IT
(u
si
n
g
al
l
th
re
e
sm
o
ot
h
in
g
fu
n
ct
io
n
al
s)
ov
er
a
�
x
ed
n
u
m
b
er
of
ge
n
er
at
io
n
s

F
ig
u
re
4.
20
:
T
h
is
p
lo
t
sh
ow
s
th
e
sp
ec
i�
c
re
su
lt
s
of
th
e
M
ax
im
u
m
E
n
tr
op
y
sm
o
ot
h
in
g
fu
n
c-

ti
on
al
of
eq
u
at
io
n
(4
.4
2)
.
It
is
cl
ea
r
th
at
th
e
R
IT
is
ad
ap
ta
b
le
to
d
i�
er
en
t
fo
rm
s
of
�
(f
(s
e
))
.



4.4.
A
P
P
L
IC
A
T
IO
N
O
F
T
H
E
R
IT
T
O
S
E
R
T
S
-89
D
A
T
A

F
igu
re
4.21:
D
i�
eren
tial
E
m
ission
M
easu
re
fu
n
ction
s
for
an
averaged
solar
active
region
u
sin
g

E
U
V
lin
e
in
ten
sities
ob
served
b
y
S
E
R
T
S
-89.
T
op
:
(from
L
an
d
i
&
L
an
d
in
i
1997)
T
h
e
D
E
M

fu
n
ction
recovered
from
th
e
in
version
sh
ow
s
a
trip
le
p
eaked
form
b
etw
een
6
<
log
1
0
T
e
<
7

calcu
lated
for
log
1
0
n
e
=
10.
T
h
is
is
in
con
trast
to
th
at
d
erived
from
th
e
sa
m
e
d
ata
(b
ottom
)

b
y
L
an
zafam
e
et
al.
(1998)
w
h
ich
sh
ow
s
on
ly
a
sin
gle
p
eak
in
th
e
sam
e
tem
p
eratu
re
ran
ge.

T
h
e
low
er
p
lot
sh
ow
s
D
E
M
s
recovered
for
lin
e
em
issiv
ities
calcu
lated
for
a
series
of
u
n
iform

electron
d
en
sities
to
see
if
a
sim
ilar
m
u
ltip
le
p
eaked
fu
n
ction
cou
ld
b
e
ach
ieved
.

4.1.
R
E
L
A
T
IO
N
B
E
T
W
E
E
N
L
IN
E
R
A
T
IO
A
N
D
E
M
IS
S
IO
N
M
E
A
S
U
R
E
A
N
A
L
Y
S
E
S

et
al.
1987;
G
riÆ
th
s
&
J
ord
an
1998)
or
d
eterm
in
in
g
w
h
eth
er
th
e
d
ata
are
com
p
atib
le
w
ith
an

atm
osp
h
ere
at
con
stan
t
p
ressu
re
(see
C
raig
&
B
row
n
1976;
J
u
d
ge
et
al.
1997).
F
orm
u
lation

of
th
e
relation
sh
ip
b
etw
een
th
ese
fu
n
ction
s
an
d
th
e
`m
ean
'
ob
served
q
u
an
tities
is
th
erefore
of

b
en
e�
t
to
th
e
solar
p
h
y
sics
com
m
u
n
ity.

4
.1
.1

R
e
la
tio
n
sh
ip
b
e
tw
e
e
n
�(T
e )
a
n
d
hT
e i

C
on
sid
er
an
op
tically
th
in
em
ission
lin
e
lab
elled
i
for
w
h
ich
K
i (n
e ;T
e )
is
a
w
eak
fu
n
ction
of

d
en
sity,
su
ch
as
a
reson
an
ce
lin
e.
K
i (n
e ;T
e )
can
th
en
b
e
rep
laced
b
y
K
i (T
e )
(as
d
iscu
ssed
in

th
e
p
rev
iou
s
ch
ap
ter).
S
o,
w
e
h
ave
th
e
sp
ectral
lin
e
in
ten
sity
(in
th
e
ap
p
rop
riate
u
n
its)

I
i
= Z

T
e
K
i (T
e )
�(T
e )d
T
e
:

(4.7)

F
or
tw
o
su
ch
lin
es
i;j,
th
e
ratio
of
th
e
tw
o
lin
e
in
ten
sities
is

R
ij
=
I
i

I
j
= R
T
e
K
i (T
e )
�(T
e )
d
T
e

R
T
e
K
j (T
e )
�(T
e )
d
T
e
;

(4.8)

an
d
if
th
e
em
ission
co
eÆ
cien
ts
are
d
i�
eren
t,
th
en
th
e
ratio
d
ep
en
d
s
on
T
e .
If
th
e
p
lasm
a
is

h
om
ogen
eou
s
in
tem
p
eratu
re,
i.e.
isoth
erm
al,
w
e
can
ex
p
ress
th
e
�(T
e )
as
a
D
irac
d
elta
fu
n
c-

tion
�(T
e )
=
�
0
Æ(T
e
�
hT
e i)
su
ch
th
at,
on
su
b
stitu
tin
g
th
is
ex
p
ression
in
to
to
eq
u
ation
(4.8)

an
d
in
tegratin
g
over
th
e
w
h
ole
tem
p
eratu
re
d
om
ain
,
w
e
h
ave

R
ij
=
�
0
K
i (hT
e i)

�
0
K
j (hT
e i)

(4.9)

w
h
ich
is
triv
ially
red
u
ced
(on
d
iv
id
in
g
th
rou
gh
ou
t
b
y
�
0 )
to
ex
p
ress
R
ij
in
term
s
of
th
e
`m
ean
'

sp
ectroscop
ic
tem
p
eratu
re,
hT
e i
ij .
S
o
again
,
for
ou
r
p
articu
lar
lin
e
p
air
(i;j)
w
e
h
ave

R
ij
=
K
i (hT
e i)

K
j (hT
e i)
=
S
ij (hT
e i
ij )

(4.10)

w
h
ere
S
ij (T
e )
=

K
i (T
e
)

K
j (T
e
)
is
assu
m
ed
to
b
e
a
m
on
oton
ic,
b
ijective
(in
vertib
le)
fu
n
ction
w
h
ich

h
as
a
u
n
iq
u
e
in
verse
on
th
e
tem
p
eratu
re
d
om
ain
con
sid
ered
w
h
en
w
e
restrict
ou
r
stu
d
y
to

reson
an
ce
lin
es,
i.e.
d
i�
eren
t
T
e
an
d
n
o
d
ep
en
d
en
ce
on
n
e ,
on
ly
(see,
e.g.,
�
gu
re
2.9).
F
or

th
ese
con
d
ition
s
th
e
relation
sh
ip
is
alm
ost
alw
ay
s
satis�
ed
.
T
h
erefore,
on
in
sp
ection
,
th
e

relation
b
etw
een
hT
e i
ij
an
d
th
e
ob
served
lin
e
ratios
R
ij
is
given
b
y

hT
e i
ij
=
S
�
1

ij
(R
ij )
:

(4.11)

T
o
form
u
late
an
ex
p
ression
for
�(T
e )
in
term
s
of
th
e
`m
ean
'
sp
ectroscop
ic
tem
p
eratu
res
w
e

m
u
st
retu
rn
to
eq
u
ation
(4.7).
O
n
d
iv
id
in
g
th
rou
gh
eq
u
ation
(4.7)
b
y
an
y
oth
er
lin
e
in
ten
sity



B
ro
w
n
(1
97
6)
.
T
h
e
fo
rm
u
la
ti
on
w
as
la
te
r
ex
te
n
d
ed
to
a
D
E
M

fu
n
ct
io
n
�
(n
e
)
d
i�
er
en
ti
al
in

n
e
fo
r
is
ot
h
er
m
al
p
la
sm
as
(?
?
,
an
d
re
fe
re
n
ce
s
th
er
ei
n
).
T
h
e
co
n
ce
p
t
w
as
al
so
ge
n
er
al
is
ed
to

th
e
b
iv
ar
ia
te
ca
se
of
�
(n
e
;T
e
)
b
y
J
e�
er
ie
s
et
al
.
(1
97
2a
,
b
)
al
th
ou
gh
th
ei
r
d
e�
n
it
io
n
co
n
ta
in
ed

an
er
ro
r
co
rr
ec
te
d
in
th
e
in
d
ep
en
d
en
t
fo
rm
u
la
ti
on
b
y
?
?
.
F
or
m
u
la
ti
on
of
h
ow
th
is
ge
n
er
al

b
iv
ar
ia
te
ca
se
co
u
ld
b
e
ca
st
as
an
in
ve
rs
e
p
ro
b
le
m
an
d
in
p
ri
n
ci
p
le
so
lv
ed
el
u
d
ed
th
es
e
ea
rl
ie
r

au
th
or
s
an
d
w
as
�
n
al
ly
es
ta
b
li
sh
ed
b
y
?
?
an
d
el
ab
or
at
ed
b
y
J
u
d
ge
et
al
.
(1
99
7)
.

A
lt
h
ou
gh
m
or
e
ge
n
er
al
th
an
th
e
li
n
e
ra
ti
o
m
et
h
o
d
,
it
is
w
el
l
k
n
ow
n
th
at
th
e
D
E
M

fo
r-

m
u
la
ti
on
is
p
ro
n
e
to
er
ro
rs
in
th
e
so
lu
ti
on
ar
is
in
g
fr
om
th
e
il
l-
p
os
ed
n
at
u
re
of
th
e
in
ve
rs
e

op
er
at
or
-
i.
e.
in
st
ab
il
it
y
of
th
e
so
lu
ti
on
to
er
ro
rs
in
th
e
sp
ec
tr
al
an
d
at
om
ic
d
at
a
(C
ra
ig
&

B
ro
w
n
19
76
;
J
u
d
ge
et
al
.
19
97
).
T
h
is
is
in
tr
in
si
c
to
th
e
n
at
u
re
of
th
e
in
ve
rs
e
p
ro
b
le
m
,
in

w
h
ic
h
a
co
n
ti
n
u
ou
s
d
is
tr
ib
u
ti
on
fu
n
ct
io
n
(o
r
d
is
cr
et
is
at
io
n
th
er
eo
f)
is
so
u
gh
t
fr
om
a
�
n
it
e

n
u
m
b
er
of
d
at
a
p
oi
n
ts
an
d
,
fu
rt
h
er
m
or
e,
th
er
e
is
si
gn
i�
ca
n
t
li
n
ea
r
d
ep
en
d
en
ce
b
et
w
ee
n
th
e

li
n
e
em
is
si
v
it
ie
s
(o
r
`k
er
n
el
s'
)
in
th
e
in
te
gr
al
eq
u
at
io
n
s
(s
ee
S
ec
ti
on
s
4.
1.
1
,
4.
1.
2
an
d
4.
1.
3
an
d

d
is
cu
ss
io
n
in
th
e
fo
ll
ow
in
g
ch
ap
te
rs
of
th
is
th
es
is
).
T
h
er
e
is
th
u
s
n
o
si
n
gl
e
m
at
h
em
at
ic
al
so
lu
-

ti
on
to
th
e
D
E
M
p
ro
b
le
m
,
an
d
th
e
in
tr
in
si
c
il
l-
p
os
ed
n
es
s
(s
ee
C
h
ap
te
r
2)
m
u
st
b
e
ad
d
re
ss
ed

fr
om
th
e
ou
ts
et
,
es
se
n
ti
al
ly
b
y
sm
o
ot
h
in
g
th
e
d
es
ir
ed
D
E
M
fu
n
ct
io
n
so
th
at
,
in
a
lo
os
e
se
n
se
,

th
e
n
u
m
b
er
of
in
d
ep
en
d
en
t
D
E
M
va
lu
es
d
o
es
n
ot
ex
ce
ed
th
e
n
u
m
b
er
of
in
d
ep
en
d
en
t
m
ea
su
re
-

m
en
ts
(s
ee
,
e.
g.
,
C
ra
ig
&
B
ro
w
n
19
86
).
T
h
er
e
ar
e,
as
w
el
l
as
th
es
e
fu
n
d
am
en
ta
l
li
m
it
at
io
n
s

of
th
e
D
E
M

m
et
h
o
d
,
p
ra
ct
ic
al
p
ro
b
le
m
s
co
n
ce
rn
in
g
th
e
n
at
u
re
an
d
m
ag
n
it
u
d
e
of
er
ro
rs
in

th
e
th
eo
re
ti
ca
l
ca
lc
u
la
ti
on
of
th
e
in
te
n
si
ti
es
of
em
is
si
on
li
n
es
.
F
or
ex
am
p
le
,
?
?
sh
ow
ed
th
at

th
e
�(
T
e
)
p
ro
b
le
m
al
so
h
as
la
rg
e
so
u
rc
es
of
sy
st
em
at
ic
er
ro
r
in
ex
ce
ss
of
k
n
ow
n
er
ro
rs
in
li
n
e

in
te
n
si
ti
es
,
w
h
ic
h
th
ey
su
gg
es
te
d
ar
e
d
u
e
to
th
e
b
re
ak
d
ow
n
of
th
e
fu
n
d
am
en
ta
l
as
su
m
p
ti
on
of

io
n
is
at
io
n
eq
u
il
ib
ri
u
m
m
ad
e
in
fo
rm
u
la
ti
n
g
th
e
p
ro
b
le
m
,
al
th
ou
gh
ra
d
ia
ti
ve
tr
an
sf
er
e�
ec
ts

co
u
ld
n
ot
b
e
ru
le
d
ou
t.
In
ad
d
it
io
n
J
u
d
ge
et
al
.
(1
99
7)
co
n
cl
u
d
ed
th
at
sy
st
em
at
ic
er
ro
rs
in
th
e

at
om
ic
p
h
y
si
cs
,
an
d
in
th
e
io
n
is
at
io
n
b
al
an
ce
,
m
ak
e
st
ra
ig
h
tf
or
w
ar
d
in
ve
rs
io
n
fo
r
�
(n
e
;T
e
)

ve
ry
d
iÆ
cu
lt
or
in
tr
ac
ta
b
le
.

T
h
e
b
iv
ar
ia
te
D
E
M

fu
n
ct
io
n
,
�
(n
e
;T
e
),
is
th
e
\h
ol
y
gr
ai
l"
of
so
la
r
U
V
sp
ec
tr
os
co
p
y
b
u
t

th
e
d
iÆ
cu
lt
ie
s
cl
ea
rl
y
n
ot
ed
,
an
d
d
em
on
st
ra
te
d
,
in
?
?
an
d
J
u
d
ge
et
al
.
(1
99
7)
m
ea
n
th
at
w
e

ar
e
es
se
n
ti
al
ly
li
m
it
ed
,
b
y
th
e
n
ee
d
fo
r
an
el
em
en
t
of
u
n
iq
u
en
es
s,
to
in
ve
rs
io
n
s
fo
r
�(
T
e
)
an
d

in
th
e
ex
tr
em
e
fo
r
�
(n
e
)
of
?
?
an
d
?
?
),
or
to
�
(n
e
;T
e
)
on
a
ve
ry
co
ar
se
gr
id
.

T
h
e
`m
ea
n
va
lu
e'
or
`l
in
e
ra
ti
o'
ap
p
ro
ac
h
on
th
e
ot
h
er
h
an
d
gi
ve
s
w
el
l
d
e�
n
ed
re
su
lt
s

w
h
ic
h
ar
e
ap
p
ea
li
n
g
b
ec
au
se
th
ey
ar
e
si
m
p
le
to
d
er
iv
e
an
d
th
ey
ca
n
re
m
ov
e,
th
ro
u
gh
ca
re
fu
l

ch
oi
ce
of
li
n
es
,
la
rg
e
so
u
rc
es
of
u
n
ce
rt
ai
n
ty
ar
is
in
g
fr
om
er
ro
rs
in
io
n
is
at
io
n
b
al
an
ce
.
H
ow
ev
er
,

4.
5.
D
IS
C
U
S
S
IO
N

F
ig
u
re
4.
22
:
T
h
e
gl
ob
al
re
su
lt
s
of
th
e
R
IT
op
er
at
in
g
on
S
E
R
T
S
-8
9
d
at
a
w
it
h
a
�
rs
t
o
rd
e
r

sm
o
ot
h
in
g
fu
n
ct
io
n
al
.
T
h
e
u
p
p
er
p
lo
t
(c
f.
�
gu
re
4.
4)
in
d
ic
at
es
(�
)
th
at
th
e
so
lu
ti
on
m
in
im
is
-

in
g
ve
ct
or
v
=
(�
;D
2
;�
2
)
is
ob
ta
in
ed
fo
r
a
sm
o
ot
h
in
g
p
ar
am
et
er
�
o
p
t
of
0.
01
0
an
d
w
it
h
an

as
so
ci
at
ed
�
2
of
7.
30
0.
T
h
e
lo
w
er
p
lo
ts
sh
ow
s
th
is
op
ti
m
al
so
lu
ti
on
(l
ef
t)
an
d
th
e
re
co
ve
ry

of
th
e
ob
se
rv
ed
li
n
e
ra
ti
os
(R
o
bs
an
d
R
ca
lc
ar
e
gi
ve
n
b
y
�
an
d
�
re
sp
ec
ti
ve
ly
)
w
it
h
th
ei
r
as
-

so
ci
at
ed
ob
se
rv
at
io
n
al
er
ro
rs
(r
ig
h
t)
.
T
h
e
so
lu
ti
on
sh
ow
n
cl
ea
rl
y
ag
re
es
w
it
h
th
e
si
n
gl
e
p
ea
k

D
E
M

in
th
e
6
<
lo
g
1
0
T
e
<
7
re
gi
on
.



4.5.
D
IS
C
U
S
S
IO
N

F
igu
re
4.23:
T
h
e
glob
al
resu
lts
of
th
e
R
IT
op
eratin
g
on
S
E
R
T
S
-89
d
ata
w
ith
a
se
c
o
n
d

o
rd
e
r
sm
o
oth
in
g
fu
n
ction
al.
T
h
e
u
p
p
er
p
lot
in
d
icates
th
at
th
e
solu
tion
m
in
im
isin
g
vector

v
=
(�
;D
2;�
2)
is
ob
tain
ed
for
a
sm
o
oth
in
g
p
aram
eter
�
o
p
t
of
0.005
an
d
w
ith
an
asso
ciated

�
2

of
7.135.
T
h
e
low
er
p
lots
sh
ow
s
th
is
op
tim
al
solu
tion
(left)
an
d
th
e
recovery
of
th
e

ob
served
lin
e
ratios
(R
o
bs
an
d
R
ca
lc
are
given
b
y
�
an
d
�
resp
ectively
)
w
ith
th
eir
asso
ciated

ob
servation
al
errors
(righ
t).
T
h
e
solu
tion
sh
ow
n
clearly
agrees
w
ith
th
e
sin
gle
p
eak
D
E
M

in

th
e
6
<
log
1
0
T
e
<
7
region
.

m
om
en
tu
m
an
d
en
ergy.
T
h
u
s,
sin
ce
early
in
th
e
era
of
sp
ace-b
orn
e
sp
ectroscop
y,
w
e
h
ave

faced
th
e
task
of
in
ferrin
g
p
lasm
a
electron
d
en
sities,
n
e ,
an
d
tem
p
eratu
res,
T
e ,
for
h
ot
solar

an
d
oth
er
astrop
h
y
sical
p
lasm
as
from

op
tically
th
in
em
ission
lin
e
sp
ectra
(e.g.,
G
ab
riel
&

J
ord
an
1969;
M
u
n
ro
et
al.
1971;
G
ab
riel
&
J
ord
an
1971;
D
ere
&
M
ason
1981;
D
osch
ek
1987;

M
ason
&
M
on
sign
ori-F
ossi
1994).

A
fu
n
d
am
en
tal
p
rop
erty
of
h
ot
solar
p
lasm
as
is
th
eir
b
asic
in
h
om
ogen
eity.
T
h
is
is
ob
v
iou
s

from
d
irect
im
ages
of
th
e
S
u
n
's
coron
a
an
d
tran
sition
region
w
h
ich
sh
ow
a
w
ealth
of
�
n
e
scale

stru
ctu
re
d
ow
n
to
th
e
ob
servab
le
lim
its
of
resolu
tion
(e.g.,
see
th
e
recen
t
b
o
ok
on
th
e
solar

coron
a
b
y
G
olu
b
&
P
asach
o�
1997).
It
is
con
�
rm
ed
b
y
less
d
irect
sp
ectroscop
ic
w
ork
w
h
ich

reveals
d
i�
erin
g
valu
es
of
n
e ;T
e
for
d
i�
eren
t
lin
e
ratios
(see,
e.g.,
d
iscu
ssion
s
in
D
osch
ek
1984

an
d
D
osch
ek
1987).
S
tron
g
in
h
om
ogen
eity
is
ex
p
ected
also
from
p
h
y
sical
con
sid
eration
s
(a

p
articu
larly
in
terestin
g
p
ersp
ective,
ad
d
ressin
g
w
h
y
th
e
p
lasm
as
d
o
n
ot
ap
p
ear
to
b
e
even

m
ore
in
h
om
ogen
eou
s
th
an
alread
y
ob
served
,
is
given
b
y
L
itw
in
&
R
osn
er
(1993)).

T
h
e
em
ergen
t
in
ten
sities
of
sp
ectral
lin
es
at
each
`p
oin
t'
in
2D
im
ages
of
op
tically
th
in

p
lasm
as
are
d
eterm
in
ed
b
y
in
tegrals
alon
g
th
e
lin
e
of
sigh
t
(i.e.
th
e
th
ird
d
im
en
sion
)
th
rou
gh

p
lasm
as.
T
h
ere
are
tw
o
com
m
on
ap
p
roach
es
to
in
ferrin
g
p
lasm
a
p
rop
erties
from
ob
served

sp
ectral
lin
e
in
ten
sities.
C
on
sid
er
th
e
case
in
w
h
ich
a
ch
aracteristic
tem
p
eratu
re
of
th
e

electron
s
in
th
e
p
lasm
a
is
d
esired
.
T
h
e
sim
p
lest
ap
p
roach
,
th
e
`lin
e
ratio'
or
`sp
ectroscop
ic

m
ean
'
m
eth
o
d
,
in
volves
�
n
d
in
g
th
e
sin
gle
valu
e
of
th
e
electron
tem
p
eratu
re
from
a
th
eoretical

calcu
lation
of
th
e
ratio
of
carefu
lly
selected
em
ission
lin
es,
th
at
is
in
agreem
en
t
w
ith
th
at
sin
gle

ob
served
ratio.
A
\sp
ectroscop
ic
m
ean
valu
e"
of
th
e
tem
p
eratu
re
hT
e i
is
d
erived
for
each
lin
e

p
air.
If
th
e
p
lasm
a
w
ere
tru
ly
isoth
erm
al,
th
en
th
e
d
erived
sp
ectroscop
ic
m
ean
valu
es
for

all
lin
e
p
airs
w
ou
ld
coin
cid
e
w
ith
th
e
actu
al
p
lasm
a
tem
p
eratu
re,
to
w
ith
in
ob
servation
al

an
d
th
eoretical
errors.
T
h
is
ap
p
roach
w
as
ap
p
lied
as
early
as
1941
to
p
lan
etary
n
eb
u
lae
b
y

M
en
zel
et
al.
(1941),
an
d
is
rev
iew
ed
b
y
G
ab
riel
&
J
ord
an
(1969)
an
d
M
ason
&
M
on
sign
ori-

F
ossi
(1994),
see
also
S
ection
2.2.2.1.
T
h
e
oth
er
m
eth
o
d
is
to
recast
th
e
ab
ove
m
en
tion
ed
lin
e

in
tegrals
in
to
su
itab
le
form
for
`in
version
',
in
w
h
ich
on
e
solves
for
a
fu
n
ction
,
�(T
e ),
w
h
ich
is
a

sou
rce
term
th
at
d
escrib
es
th
e
em
issiv
ity
d
istrib
u
tion
of
m
aterial
as
a
fu
n
ction
of
tem
p
eratu
re

alon
g
th
e
lin
e
of
sigh
t.
�(T
e )
is
called
th
e
`D
i�
eren
tial
E
m
ission
M
easu
re'
(D
E
M
)
fu
n
ction
,

see
S
ection
2.1.1.2.
T
h
is
gives
a
gen
eral
ch
aracterisation
of
th
e
d
istrib
u
tion
of
th
e
p
lasm
a

w
ith
resp
ect
to
tem
p
eratu
re.

T
h
e
in
tegral
eq
u
ation
form
alism

for
tem
p
eratu
re
sen
sitive
lin
es
w
as
�
rst
d
iscu
ssed
b
y

P
ottasch
(1964)
an
d
p
u
t
on
a
rigorou
s
m
ath
em
atical
b
asis
for
arb
itrary
geom
etry
b
y
C
raig
&



3.
3.
A
N
A
L
Y
S
IS
O
F
A
Q
U
IE
T
S
U
N
S
U
M
E
R
S
P
E
C
T
R
U
M

T
ab
le
3.
4:
T
h
is
ta
b
le
co
n
ta
in
s
th
e
re
su
lt
s
of
G
a
-G
A

an
al
y
si
n
g
th
e
S
U
M
E
R
sp
ec
tr
u
m

of

�
gu
re
3.
8
w
h
er
e
th
e
w
av
el
en
gt
h
s,
h�
G
i
(� A
),
in
te
n
si
ti
es
,
hI
G
i,
an
d
w
id
th
s
hW
G
i
(� A
)
ar
e
th
e

m
ea
n
va
lu
es
of
a
te
n
ru
n
en
se
m
b
le
.
y
in
d
ic
at
es
th
at
,
in
th
is
w
av
el
en
gt
h
ra
n
ge
,
a
li
n
e
of
A
r
V
II
I

at
�
=
70
0:
24
5
� A
(i
n
se
co
n
d
or
d
er
)
d
om
in
at
es
th
e
em
is
si
on
,
as
is
cl
ea
r
fr
om
in
sp
ec
ti
on
of

im
ag
es
sh
ow
n
b
y
?
?
b
u
t
th
is
w
as
n
ot
gi
ve
n
in
th
e
li
n
e
li
st
.
T
h
is
li
n
e
w
a
s
d
et
ec
te
d
in
th
e

`b
li
n
d
'
d
ec
om
p
os
it
io
n
of
S
ec
ti
on
3.
3
(�
G

=
14
00
:5
58
� A
,
I G
=
0:
03
0
an
d
W
G

=
0:
15
1� A
)
w
it
h

co
rr
es
p
on
d
in
gl
y
d
i�
er
en
t
m
ea
su
re
m
en
ts
fo
r
th
e
tw
o
li
n
es
of
S
II
I.
T
h
is
re
su
lt
il
lu
st
ra
te
s
th
at
a

p
ri
o
ri
in
fo
rm
at
io
n
(i
n
th
is
ca
se
,
th
e
li
n
e
li
st
),
m
u
st
b
e
co
rr
ec
t
or
er
ro
n
eo
u
s
re
su
lt
s
w
il
l
o
cc
u
r.

M
ea
n
st
an
d
ar
d
d
ev
ia
ti
on
s
in
hI
G
i
an
d
hW
G
i
ar
e
0:
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y
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h
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u
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p
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a
an
d
gi
ve
n
a
se
t
of
ob
se
rv
ed
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so
n
an
ce
li
n
e

in
te
n
si
ti
es
,
w
e
h
av
e
d
er
iv
ed
an
ex
p
re
ss
io
n
th
at
re
la
te
s
th
e
`m
ea
n
'
sp
ec
tr
os
co
p
ic
te
m
p
er
at
u
re
s

fh
T
e
ig
an
d
th
e
d
is
cr
et
is
ed
d
i�
er
en
ti
al
em
is
si
on
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ea
su
re
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te
m
p
er
at
u
re
�
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ee
eq
u
at
io
n
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.1
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lo
w
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il
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et
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o
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e
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e
ob
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ed
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er
m
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p
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a,
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ex
p
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io
n
re
la
ti
n
g

th
e
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ea
n
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ec
tr
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p
ic
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ti
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n
e
ig
an
d
th
e
d
is
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et
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ed
d
i�
er
en
ti
al
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on
m
ea
su
re
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el
ec
tr
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�
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h
is
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at
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n
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a
re
p
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ta
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it
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d
4.
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m
u
lt
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eo
u
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y
(i
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tu
at
io
n
s
w
h
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e
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n
'
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si
ti
es
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d
te
m
p
er
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u
re
s
ar
e
ac
tu
al
ly
d
e�
n
ed
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ti
al
ly
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m
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n
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th
at
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r
a
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e
en
ou
gh
se
t
of
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rv
ed
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es
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it
h
d
i�
er
en
t
te
m
p
er
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u
re
an
d
d
en
si
ty
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ar
ac
te
ri
st
ic
s,
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la
ti
on
sh
ip
of
th
e
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rm
of
eq
u
at
io
n
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il
l
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ol
d
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r
th
e
p
ar
ti
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la
r
se
t
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n
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ig
p
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rs
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d
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p
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at
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u
e
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b
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u
p
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er
en
ce
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b
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ed
an
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p
u
te
d
ra
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d
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th
e
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e
u
su
al
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te
n
si
ti
e
s.
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h
e
R
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er
s
th
e
p
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si
b
il
it
y
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re
m
ov
in
g
la
rg
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sy
st
em
at
ic
er
ro
rs
th
at
m
ay
ar
is
e
fr
om
u
n
ce
rt
ai
n
io
n
is
at
io
n
b
al
an
ce
,
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h
av
e
b
ee
n
su
gg
es
te
d

to
ex
p
la
in
so
la
r
d
at
a
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?
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an
d
h
av
e
b
ee
n
d
em
on
st
ra
te
d
to
b
e
th
e
d
om
in
an
t
so
u
rc
e
of
er
ro
r
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st
an
d
ar
d
in
ve
rs
io
n
s
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n
e
in
te
n
si
ti
es
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u
d
ge
et
al
.
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e
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n
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b
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a
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ra
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p
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h
a
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te
r
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n
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p
ro
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o
f
a
n
y
kin
d
poo
r
co
n
d
itio
n
in
g
o
f
th
e
in
verse
o
pera
to
r
d
ecrea
ses
th
e
n
u
-

m
erica
l
sta
bility
o
f
a
n
y
n
o
n
-regu
la
rised
so
lu
tio
n
in
th
e
p
resen
ce
o
f
d
a
ta
n
o
ise.
T
h
is
ch
a
p
ter
w
ill

sh
o
w
th
a
t,
u
sin
g
a
h
eu
ristic
a
p
p
roa
ch
,
w
e
ca
n
im
p
ro
ve
th
e
co
n
d
itio
n
in
g
o
f
th
e
d
i�
eren
tia
l
em
is-

sio
n
m
ea
su
re
(D
E
M
)
in
verse
p
ro
blem
s
co
n
sid
era
bly
by
ju
d
icio
u
s
ch
o
ice
o
f
th
e
in
tegra
l
o
pera
to
r

a
n
d
th
a
t
th
ere
is
in
d
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a
set
o
f
so
la
r
U
V
/
E
U
V
em
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n
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es
th
a
t
d
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crea
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th
e
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a
n
ce
o
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o
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u
n
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e
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f
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a
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o
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f
m
a
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m
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w
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h
e
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p
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h
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e
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to
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d
iagn
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of
th
e
solar
p
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T
h
e
p
articu
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aracteristics
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d
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eren
t
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lin
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ereof)
w
ill
y
ield
d
i�
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t
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t
th
e
em
it-
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g
p
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a
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m
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e
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V
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V
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y

th
e
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es
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q
u
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p
h
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b
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d
istrib
u
tio
n
s
of
p
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e
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b
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e
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a
t
w
e
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u
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e
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tio
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b
e
a
s
u
n
a
m
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o
u
s
a
s
p
o
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a
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re
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th
e
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g
n
o
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u
tio
n
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g
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d
ien
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a
tu
re
o
r
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n
tin
u
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req
u
ire
th
a
t
th
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u
m
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l
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ro
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g
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b
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p
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p
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th
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S
U
M
E
R
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m
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�
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T
h
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e
d
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p
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A

algorith
m
u
sin
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ly
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B
r
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th
e
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an
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�
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re
3.8.
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h
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b
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s
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e
d
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p
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sin
g
le
ru
n
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G
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-G
A
u
sin
g
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strain
ed
w
avelen
gth
s
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th
e
�
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ess

calcu
lation
.
S
ee
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le
3.4
for
th
e
d
etails
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th
e
ru
n
s
w
ith
con
strain
ed
w
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gth
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at
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b
le
n
d
in
g
p
ro
b
le
m
s,
b
ot
h
b
et
w
ee
n
sp
ec
tr
a
of
d
i�
er
en
t

op
ti
ca
l
or
d
er
s
as
w
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b
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b
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b
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p
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at
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h
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g
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w
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es
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b
et
w
ee
n
13
99
an
d
14
08
� A
(a
n
d
in

th
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h
w
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e
b
ar
e
an
d
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e
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to
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se
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ly
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h
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os
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e
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p
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e
b
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e
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ar
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b
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d
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to
r
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d
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d
er
sp
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a.
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u
m
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at
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e
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tr
a
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n
ot
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si
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ee
n
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e
b
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e
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d
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t
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u
n
t
ra
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s
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u
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e
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o
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lo
w
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e
to
d
ec
om
p
os
e
th
e
sp
ec
tr
u
m
an
al
y
ti
ca
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y
in
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�
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t
an
d

se
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n
d
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m
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en
ts
,
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I 2
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u
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ow
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at
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s
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=
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+
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ra
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s
p
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b
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d
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at
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p
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d
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ed
u
si
n
g
m
ea
su
re
m
en
ts
of
C
ts
(K
B
r)
,
C
ts
(b
a
re
)
an
d
in
st
ru
m
en
ta
l
se
n
si
ti
v
it
ie
s

d
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u
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b
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el
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ra
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at
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os
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h
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m
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n
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si
n
g
n
o
p
ri
or
in
fo
rm
at
io
n
ab
ou
t
th
e
sp
ec
tr
u
m
,
ex
ce
p
t
th
at
w
e
ex
p
ec
t
b
et
w
ee
n
16

in
th
e
st
u
d
y
an
d
C
K

d
ec
re
as
es
b
u
t
th
e
co
ve
ra
ge
is
p
o
or
er
.
In
co
n
st
ru
ct
in
g
K

w
e
m
u
st
�
n
d

th
e
h
ap
p
y
m
ed
iu
m
.
T
h
at
is
,
w
e
m
ig
h
t
ex
p
ec
t
th
e
op
ti
m
is
ed
ke
rn
el
m
at
ri
x
K
to
h
av
e
al
m
os
t

li
n
ea
rl
y
in
d
ep
en
d
en
t
ro
w
s;
th
e
id
ea
l
ca
se
b
ei
n
g
th
e
d
el
ta
fu
n
ct
io
n
s,
Æ(
x
�
x
0
),
of
th
e
id
en
ti
ty

m
at
ri
x
.
H
ow
ev
er
,
fo
r
th
es
e
in
ve
rs
e
p
ro
b
le
m
s
th
e
li
n
e
em
is
si
v
it
ie
s
th
at
fo
rm
th
e
ro
w
s
of
th
e

ke
rn
el
m
at
ri
x
h
av
e
a
�
n
it
e
am
ou
n
t
of
sp
re
ad
.
W
e
n
ow
d
is
cu
ss
th
e
fo
rm
of
th
is
`s
p
re
ad
'.

T
o
d
is
cu
ss
th
e
fu
n
ct
io
n
al
b
eh
av
io
u
r
of
ce
rt
ai
n
em
is
si
on
li
n
es
w
e
m
u
st
re
tu
rn
to
eq
u
a-

ti
on
(5
.1
)
an
d
re
ca
ll
fr
om
S
ec
ti
on
2.
2
th
at
th
e
li
n
e
em
is
si
v
it
y
K
l(
n
e
;T
e
)
(
em
is
si
on
co
eÆ
ci
en
t

n
or
m
al
is
ed
to
n
2 e
)
ca
n
b
e
w
ri
tt
en
as

K
l(
n
e
;T
e
)
=

h
� l
A
l

4�

n
u
(l
)

n
io
n
n
e

n
io
n

n
el

n
el

n
H

n
H n

e

er
g
cm

3
sr
�
1
s�

1

(5
.4
)

w
h
er
e
A
l
is
th
e
E
in
st
ei
n
-A
co
eÆ
ci
en
t,
n
u
(l
)
is
th
e
p
op
u
la
ti
on
d
en
si
ty
of
th
e
u
p
p
er
le
ve
l
of

th
e
tr
an
si
ti
on
,
n
io
n

n
e
l
,
n
e
l

n
H

an
d
n
H n

e

ar
e
th
e
io
n
ic
ab
u
n
d
an
ce
(i
on
is
at
io
n
fr
ac
ti
on
),
el
em
en
ta
l

ab
u
n
d
an
ce
,
an
d
re
la
ti
ve
ab
u
n
d
an
ce
of
H
to
el
ec
tr
on
s
(t
ak
en
to
b
e
co
n
st
an
t)
re
sp
ec
ti
ve
ly
.

T
h
is
re
la
ti
on
sh
ip
sh
ow
s
th
at
th
e
m
ec
h
an
is
m
fo
r
u
p
p
er
le
ve
l
p
op
u
la
ti
on
w
il
l
d
et
er
m
in
e
h
ow

K
l(
n
e
;T
e
)
w
il
l
b
eh
av
e
as
a
fu
n
ct
io
n
of
n
e
an
d
T
e
.
W
e
re
ca
ll
th
e
si
m
p
le
3-
le
ve
l
at
om
,
w
it
h

le
ve
l
3
m
et
as
ta
b
le
,
of
S
ec
ti
on
2.
2
as
an
ai
d
to
th
is
d
es
cr
ip
ti
on
.
E
q
u
at
io
n
s
(2
.7
8)
an
d
(2
.7
9)

gi
ve
(u
p
on
so
lv
in
g
fo
r
th
e
n
on
-L
T
E
st
at
is
ti
ca
l
eq
u
il
ib
ri
u
m
)
th
e
p
op
u
la
ti
on
d
en
si
ti
es
of
le
ve
ls
2

(n
2
)
an
d
3
(n
3
)
in
te
rm
s
of
th
e
p
op
u
la
ti
on
d
en
si
ty
of
th
e
gr
ou
n
d
le
ve
l
(n
1
).
F
or
th
e
re
so
n
a
n
ce

li
n
e
(t
ra
n
si
ti
on
fr
om
le
ve
l
2
to
th
e
le
ve
l
1)
w
e
h
av
e,
as
su
m
in
g
th
e
p
op
u
la
ti
on
of
le
ve
l
3
to
b
e

n
eg
li
ga
b
le
,

n
2
=

n
e
n
1
C
1
2

A
2
1

(5
.5
)

gi
v
in
g
an
em
is
si
v
it
y
(K
r
es
(n
e
;T
e
))
of
th
e
fo
rm

K
r
es
(n
e
;T
e
)
=

h
� 1
2
C
1
2

4�

n
1

n
io
n

n
io
n

n
el

n
el

n
H

n
H n

e

:

(5
.6
)

A
n
in
te
rs
y
st
e
m

li
n
e
(t
ra
n
si
ti
on
fr
om
le
ve
l
3
to
le
ve
l
1)
,
in
vo
lv
in
g
th
e
p
op
u
la
ti
on
d
en
si
ty
of

th
e
m
et
as
ta
b
le
le
ve
l
3,

n
3
=

n
e
n
1
C
1
3

(A
3
1
+
n
e
C
2
3
)

(5
.7
)

w
il
l
h
av
e
an
em
is
si
v
it
y
(K
in
t(
n
e
;T
e
))
b
eh
av
in
g
as

K
in
t(
n
e
;T
e
)
=

h
� 3
1

4�

 
C
1
3

1
+
n
e
C
2
3

A
3
1

! n
1

n
io
n

n
io
n

n
el

n
el

n
H

n
H n

e

:

(5
.8
)

w
h
er
e
C
ij
=
�
�
ij
(T
e
)T

�
1
=
2

e

(j
>
i)
is
th
e
co
ll
is
io
n
al
ex
ci
ta
ti
on
co
eÆ
ci
en
t
(s
�
1
),
�
ij
(T
e
)
is

th
e
M
ax
w
el
li
an
av
er
ag
ed
co
ll
is
io
n
st
re
n
gt
h
an
d
�
is
a
n
u
m
er
ic
al
co
n
st
an
t.
T
h
e
fu
n
ct
io
n
al



b
eh
av
iou
r
of
all
th
e
lin
e
em
issiv
ities
in
th
is
ch
ap
ter
can
b
e
categorised
as
b
elon
gin
g
to
on
e

or
th
e
oth
er
of
th
ese
tw
o
classes.
In
th
is
n
on
-L
T
E
p
lasm
a
regim
e
th
e
electron
s
are
assu
m
ed

to
b
elon
g
to
a
M
ax
w
ell-B
oltzm
an
n
d
istrib
u
tion
an
d
p
op
u
late
th
e
grou
n
d
level
p
referen
tially.

S
u
ch
sim
p
li�
cation
s
m
ean
th
at
C
ij
is
treated
strictly
a
fu
n
ction
of
T
e .
In
d
eed
,
at
th
is
p
oin
t

w
e
can
categorically
state
th
at
:

-
T
h
e
assu
m
p
tion
of
a
M
ax
w
ellian
electron
d
istrib
u
tion
en
su
res
th
at
K
l (n
e ;T
e )
w
ill
b
e
ap
-

p
rox
im
ately
G
au
ssian
in
th
e
T
e
d
om
ain
or,
m
ore
ex
actly,
p
eaked
arou
n
d
th
e
tem
p
eratu
re

of
m
ax
im
u
m
form
ation
of
th
e
ion
ic
stage
to
w
h
ich
th
at
tran
sition
b
elon
gs
w
ith
a
fu
ll
w
id
th

at
h
alf
m
ax
im
u
m
of
0.3
in
log
1
0
T
e
(see,
e.g.,
J
ord
an
1969).

-
A
ll
lin
es
w
ill
em
it
irresp
ective
of
th
e
electron
d
en
sity
of
th
e
p
lasm
a.
T
h
erefore
K
l (n
e ;T
e )

w
ill
cover
th
e
en
tire
n
e (10
8
-
10
1
2

cm
�
3)
d
om
ain
of
th
e
u
p
p
er
solar
atm
osp
h
ere,
b
u
t
th
eir

fu
n
ction
al
b
eh
av
iou
r
w
ill
d
ep
en
d
critically
on
th
e
tran
sition
from
w
h
ich
th
ey
arise.

F
or
th
e
cases
con
sid
ered
in
th
is
ch
ap
ter
w
e
w
ill
con
sid
er
on
ly
u
n
ivariate
em
issiv
ities,

K
l (s
e ).
T
h
e
p
h
y
sical
reason
s
d
irectly
ab
ove
en
su
re
th
at
a
�
n
ite
am
ou
n
t
of
`overlap
',
an
d

h
en
ce
lin
ear
d
ep
en
d
en
ce
in
th
e
kern
el
m
atrices
w
ill
o
ccu
r;
w
e
w
ill
n
e
v
e
r
ob
tain
a
D
E
M
kern
el

m
atrix
w
ith
C
K

�
1.
W
e
m
igh
t
p
resu
m
e,
at
th
is
p
oin
t,
th
at
th
e
`b
est'
kern
el
m
atrices
h
ave

row
s
w
h
ich
,
w
h
en
su
m
m
ed
,
cover
th
e
s
e
d
om
ain
u
n
ifo
rm
ly.
C
on
versely,
w
e
w
ou
ld
ex
p
ect
th
e

`p
o
orest'
kern
el
m
atrices,
th
ose
w
ith
th
e
h
igh
est
con
d
ition
n
u
m
b
ers,
to
con
tain
row
s
w
h
ich
,

w
h
en
su
m
m
ed
,
cover
little
of
th
e
s
e
sp
ace
an
d
are
h
igh
ly
n
on
-u
n
iform
in
ap
p
earan
ce.
W
e

w
ill
retu
rn
to
th
e
d
iscu
ssion
of
th
ese
p
rop
erties
in
d
u
e
cou
rse.

T
h
e
em
issiv
ities
u
sed
in
th
is
ch
ap
ter
(as
in
th
e
p
rev
iou
s
on
e)
b
elon
g
to
stron
g
tran
sition
s

in
th
e
w
avelen
gth
ran
ge
150
�
1610
�A
for
ion
s
of
variou
s
iso-electron
ic
seq
u
en
ces
from
variou
s

atom
s
in
clu
d
in
g
:
C
arb
on
(II
-
IV
),
Iron
(X
II
-
X
V
),
M
agn
esiu
m

(V
I
-
X
),
N
eon
(V
I
-

V
III),
N
itrogen
(II
-
V
),
O
x
y
gen
(II
-
V
I)
an
d
S
ilicon
(III
-
X
II).
T
h
e
p
recise
d
etails
of
th
e

iso-electron
ic
tran
sition
s
u
sed
are
given
in
T
ab
le
5.1
an
d
th
ere
are
133
lin
es
in
total.

W
e
w
ill
p
erform

th
is
an
aly
sis
b
y
con
sid
erin
g
th
e
variation
of
kern
el
con
d
ition
n
u
m
b
er

C
K

(of
S
ection
2.1)
w
ith
d
i�
eren
t
ch
oices
of
lin
es.
T
h
e
calcu
lation
s
p
resen
ted
h
ere
w
ere

m
ad
e
u
sin
g
a
variation
on
th
e
G
A
h
eu
ristic
search
algorith
m
p
resen
ted
in
C
h
ap
ter
3
called

S
E
L
E
C
T
O
R
.
T
h
e
p
ow
er
of
th
is
id
ea
arises
from
th
e
fact
th
at,
in
th
e
D
E
M

in
verse
p
rob
lem
s,

w
e
can
arran
ge
th
e
kern
el
m
atrix
K

in
a
n
y
w
ay
w
e
ch
o
ose,
p
rov
id
ed
th
at
w
e
h
ave
ob
served

th
e
relevan
t
lin
es
in
th
e
sp
ectru
m
.

W
e
d
iscu
ss
th
e
b
asic
m
ech
an
ism
of
th
e
S
E
L
E
C
T
O
R
G
A
in
S
ection
5.1
w
ith
d
etails
of
trials

3.2.
R
E
S
U
L
T
S

T
ab
le
3.3:
R
esu
lts
from
S
ection
3.2.3
for
a
target
(P
(T
))
w
ith
�
x
ed
b
ack
grou
n
d
level
an
d

5%
n
orm
ally
d
istrib
u
ted
ran
d
om
n
oise.
A
gain
,
G
a
-G
A
resu
lts
an
d
C
P
U
tim
es
(T
C
P
U
)
are
th
e

m
ean
of
an
en
sem
b
le
of
ten
ru
n
s.
C
P
U
tim
es
are
n
orm
alised
to
th
at
of
a
C
U
R
V
E
F
IT
ru
n
.

P

P
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M
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C
U
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3.
2.
R
E
S
U
L
T
S

0
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C
ha

nn
el

 N
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be
r 

(x
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Amplitude (A)

P
ar

am
et

er
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C
an

di
da

te
 E

rr
or

: 1
5 

%

M
od

el
 C

on
fig

ur
at

io
n

G
a−

G
A

 M
od

el
C

U
R

V
E

F
IT

 M
od

el
A

M
O

E
B

A
 M

od
el

F
ig
u
re
3.
6:
P
er
fo
rm
an
ce
co
m
p
ar
is
on
p
lo
t
b
et
w
ee
n
G
a
-G
A
,
A
M
O
E
B
A
an
d
C
U
R
V
E
F
IT
.
T
h
ey

ar
e
co
m
p
ar
ed
u
si
n
g
th
e
ta
rg
et
of
S
ec
ti
on
3.
2.
2
w
it
h
15
%

ad
d
ed
ra
n
d
om

n
oi
se
.
S
ee
al
so

T
ab
le
3.
2.

5.
1.
S
P
E
C
IF
IC
S
O
F
S
E
L
E
C
T
O
R

n
on
-d
is
ti
n
ct
en
tr
ie
s
is
re
ad
il
y
ca
rr
ie
d
ou
t
u
si
n
g
th
e
O
rd
in
a
l
R
e
p
re
se
n
ta
ti
o
n
sc
h
em
e
of

M
ic
h
al
ew
ic
z
(1
99
4)
.
T
h
e
ta
sk
is
to
ex
tr
ac
t
N

(�
x
ed
)
d
is
ti
n
ct
el
em
en
ts
fr
om
a
li
st
S
of
X

p
os
si
b
le
va
lu
es
,
w
h
er
e
S
m

=
m
,
j
=
1;
::
:;
X
.
A
n
o
rd
in
a
l
v
ec
to
r
e
is
m
ad
e
u
p
of
N

el
em
en
ts

(e
n
)
w
it
h
va
lu
es
in
th
e
ra
n
ge
1
�
e n
�
X
�
n
+
1.
T
h
e
co
rr
es
p
on
d
in
g
e
le
m
e
n
t
v
ec
to
r
E
is

co
n
st
ru
ct
ed
ac
co
rd
in
g
to
th
e
fo
ll
ow
in
g
it
er
at
iv
e
p
ro
ce
d
u
re
:

d
o
n
=
1;
N

E
n
:=
S
e n

?

S
k
:=
S
k
+
1
;

k
=
n
;:
::
;X
�
n
�
1

?
?

e
n
d
d
o

(?
?)
h
as
th
e
co
n
se
q
u
en
ce
th
at
S
e n
is
re
m
ov
ed
fr
om
th
e
li
st
,
an
d
th
e
li
st
si
ze
is
re
d
u
ce
d
b
y

on
e
at
ea
ch
it
er
at
io
n
.
C
on
si
d
er
fo
r
ex
am
p
le
a
si
tu
at
io
n
w
h
er
e
N
=
10
d
is
ti
n
ct
el
em
en
ts
m
u
st

b
e
ex
tr
ac
te
d
fr
om
a
re
fe
re
n
ce
li
st
of
X
=
40
p
os
si
b
le
va
lu
es
.
T
h
e
or
d
in
al
ve
ct
or

e
=
(4
;5
;1
;2
9;
26
;1
1
;3
1;
8;
2
2;
5)

d
ec
o
d
es
in
to

E
=
(4
;6
;1
;3
2;
29
;1
4;
37
;1
1
;2
7;
8)
:

T
h
is
or
d
in
al
re
p
re
se
n
ta
ti
on
sc
h
em
e
h
as
so
m
e
at
tr
ac
ti
ve
ch
ar
ac
te
ri
st
ic
s.
It
is
q
u
it
e
si
m
p
le
to

im
p
le
m
en
t,
an
d
h
av
in
g
th
e
e j
's
u
n
if
or
m
ly
d
is
tr
ib
u
te
d
in
th
ei
r
al
lo
w
ed
b
ou
n
d
s
re
su
lt
s
in
a

u
n
if
or
m
d
is
tr
ib
u
ti
on
of
E
j
's
.
H
ow
ev
er
,
on
e
ca
n
ea
si
ly
ve
ri
fy
th
at
w
h
en
p
ai
rs
of
e
ar
e
ac
te
d

u
p
on
b
y
th
e
on
e-
p
oi
n
t
cr
os
s-
ov
er
op
er
at
or
(s
ee
�
gu
re
3.
1)
,
th
e
e j
's
lo
ca
te
d
ri
gh
t
of
th
e
sp
li
ci
n
g

p
oi
n
t
ca
n
d
ec
o
d
e
in
to
E
j
's
n
ot
or
ig
in
al
ly
co
d
ed
b
y
th
e
p
ar
en
t
e
's
.
T
h
is
is
a
d
ir
ec
t
co
n
se
q
u
en
ce

of
th
e
le
ft
w
a
rd
sh
if
ti
n
g
(?
?)
as
so
ci
at
ed
w
it
h
th
e
en
co
d
in
g
p
ro
ce
d
u
re
.
T
h
is
is
in
co
m
p
at
ib
le

w
it
h
th
e
ex
p
ec
te
d
b
eh
av
io
r
of
cr
os
s-
ov
er
,
w
h
ic
h
sh
ou
ld
le
ad
to
ex
ch
an
ge
of
an
in
ta
ct
su
b
se
t
of

th
e
E
j
's
.
T
h
e
on
ly
to
le
ra
b
le
ex
ce
p
ti
on
is
w
h
en
th
e
cr
os
s-
ov
er
op
er
at
io
n
in
tr
o
d
u
ce
ad
d
it
io
n
al

d
u
p
li
ca
te
en
tr
ie
s
in
th
e
p
ai
r
of
e
re
su
lt
in
g
fr
om
th
e
cr
os
s-
ov
er
op
er
at
io
n
.
L
ik
ew
is
e,
u
n
d
er
th
e

or
d
in
al
re
p
re
se
n
ta
ti
on
u
n
if
or
m
on
e-
p
oi
n
t
m
u
ta
ti
on
ca
n
p
ot
en
ti
al
ly
al
te
r
a
ll
el
em
en
ts
of
E
.

T
h
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m
ak
es
th
e
st
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d
ar
d
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d
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re
p
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n
ta
ti
on
u
n
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it
ab
le
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r
th
e
p
re
se
n
t
ap
p
li
ca
ti
on
.

A
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m
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o
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d
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d
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p
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n
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,
w
h
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h
w
e
h
er
ea
ft
er
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fe
r
to

as
R
a
n
k
e
d
O
rd
in
a
l
R
e
p
re
se
n
ta
ti
o
n
or
si
m
p
ly
as
R
O
R

(C
h
ar
b
on
n
ea
u
19
98
-
P
ri
va
te

C
om
m
u
n
ic
at
io
n
),
ca
n
b
y
p
as
s
th
e
p
ro
b
le
m
s
in
cu
rr
ed
u
si
n
g
st
an
d
ar
d
ge
n
et
ic
op
er
at
or
s.
T
h
e
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S
P
E
C
IF
IC
S
O
F
S
E
L
E
C
T
O
R

R
O
R
m
eth
o
d
con
sists
of
ra
n
k
in
g
th
e
ord
in
al
vector
e
in
d
ecreasin
g
ord
er
(so
th
at
e
n
+
1
�
e
n
)

p
rior
to
ap
p
ly
in
g
th
e
ord
in
al
algorith
m
(??).
S
o,
u
n
d
er
th
is
sch
em
e
th
e
ord
in
al
vector

e
=
(4;5;1;29;26;11
;3
1;8;2
2;5)

n
ow
d
eco
d
es
in
to

E
=
(31;29;26;22;11;8
;5
;6
;4;1)
:

C
learly,
if
e
d
o
es
n
ot
con
tain
d
u
p
licate
en
tries
th
en
E
=
e
(w
ith
e
ran
ked
).
If
h
ow
ever
en
try

e
n

=
e
n
+
1
for
som
e
n
(<
N
),
th
en
E
n

=
e
n

an
d
E
n
+
1
=
e
n
+
1
su
ch
th
at
th
e
sy
m
b
olic

algorith
m
given
ab
ove
b
ecom
es
:

d
o
n
=
1;N

E
n
:=
m
in
(X
�
n
+
1;S
e
n
)

S
k
:=
S
k
+
1 ;

k
=
n
;:::;X
�
n
�
1

e
n
d
d
o

T
h
is
actu
ally
in
tro
d
u
ces
a
sligh
t
b
ias
tow
ard
h
igh
valu
es
of
E
n
,
b
u
t
for
relatively
sm
all

p
op
u
lation
sizes
(N
p
�
100,
say
)
it
rem
ain
s
statistically
in
sign
i�
can
t
as
com
p
ared
to
th
e

realisation
n
oise
(/ p
N
p ).
T
h
u
s
R
O
R
w
ill
en
su
re,
for
sm
all
p
op
u
lation
sizes,
th
at
th
e
lin
e

lists
con
stru
cted
th
rou
gh
ou
t
th
e
�
x
ed
gen
eration
n
u
m
b
er
ru
n
w
ill
h
ave
each
selected
lin
e

rep
resen
ted
on
ly
on
ce.

T
h
e
algorith
m
ic
step
s
of
th
e
S
E
L
E
C
T
O
R
G
A
are
:

1.
U
sin
g
th
e
R
O
R
tech
n
iq
u
e,
ch
o
ose
N
lin
es
ran
d
om
ly
for
each
m
em
b
er
of
th
e
p
op
u
lation

assu
rin
g
th
at
each
lin
e
ap
p
ears
on
ly
on
ce.

2.
C
alcu
late
C
K

for
each
m
em
b
er
of
th
e
p
op
u
lation
u
sin
g
eith
er

(a)
th
e
con
d
ition
n
u
m
b
er
estim
ate
of
C
lin
e
et
al.
(1979)
(see
d
iscu
ssion
in
A
p
p
en
d
ix
B
.1

an
d
G
olu
b
&
V
an
L
oan
1989).

(b
)
a
fu
ll
sin
gu
lar
valu
e
d
ecom
p
osition
(S
V
D
)
of
th
e
m
atrix
to
calcu
late
C
K

=
�
m
a
x

�
m
in
.

3.
R
an
k
th
e
p
op
u
lation
accord
in
g
th
e
con
d
ition
n
u
m
b
er.

4.
P
erform
b
reed
in
g
in
th
e
p
op
u
lation
u
sin
g
th
e
cross-over
an
d
m
u
tation
op
erators
(see
C
h
ap
-

ter
3).

3.2.
R
E
S
U
L
T
S

as
case
3
of
S
ection
3.2.1
([10
30
5
22
60
1
26
40
3
43
70
3
55
60
5
])
to
w
h
ich
w
e
n
ow
ad
d
15%

`ran
d
om
'
n
oise.
T
h
e
n
oise
is
set
to
b
e
n
orm
ally
d
istrib
u
ted
ab
ou
t
th
e
d
ata
w
ith
an
r.m
.s.

am
p
litu
d
e
of
15%
,
so
�
d
a
ta (x
)
=
0:15
C
(x
)
in
eq
u
ation
(3.3).

T
h
e
resu
lts
of
th
e
calcu
lation
s
for
each
algorith
m
1
are
sh
ow
n
in
T
ab
le
3:2
w
h
ere
G
a
-

G
A
ach
ieves
th
e
low
est
E
(x
)
(1:889),
b
y
a
factor
of
six
from
C
U
R
V
E
F
IT
(12:961)
an
d
b
y

a
factor
of
ab
ou
t
ten
from

A
M
O
E
B
A
(18:626).
It
m
u
st
b
e
n
oted
th
at
all
p
ro
d
u
ce
`go
o
d
'

p
aram
eterisation
s
of
th
e
sp
ectru
m
given
th
e
severe
n
oise
p
resen
t,
b
u
t
b
ear
in
m
in
d
th
at
th
e

latter
tw
o
algorith
m
s
are
p
ractically
given
th
e
target
p
aram
eters
as
a
startp
oin
t,
an
d
are

h
en
ce
h
eav
ily
in

u
en
ced
b
y
th
e
u
ser.
T
h
is
is
d
e�
n
itely
n
ot
th
e
case
w
ith
G
a
-G
A
.
C
U
R
V
E
F
IT

an
d
A
M
O
E
B
A
also
ex
h
ib
it
an
oth
er
b
eh
av
iou
ral
p
attern
n
ot
ob
served
w
ith
G
a
-G
A
;
th
ey
w
ill

o
ccasion
ally
b
ecom
e
`stu
ck
'
at
p
oin
ts
in
th
e
solu
tion
sp
ace
w
h
ere
h
op
e
of
con
vergen
ce
to
th
e

target
is
lost
2.
T
h
is
d
o
es
n
ot
h
ap
p
en
in
every
ru
n
,
b
u
t
in
d
icates
to
th
e
u
ser
th
at
a
sin
gle
ru
n

u
sin
g
eith
er
m
eth
o
d
is
n
ot
en
ou
gh
to
gu
aran
tee
a
reliab
le
p
aram
eterisation
.

F
igu
re
3.6
sh
ow
s
th
e
resu
lts
of
G
a
-G
A
(�),
C
U
R
V
E
F
IT
(+
)
an
d
A
M
O
E
B
A
(}
)
op
er-

atin
g
on
th
e
�
fteen
p
aram
eter,
�
ve
G
au
ssian
target.
T
h
e
p
ro�
le
sh
ow
n
for
G
a
-G
A
,
as
in

S
ection
3.2.1,
is
th
e
`�
ttest'
p
h
en
oty
p
e
from
th
e
ten
d
i�
eren
t
ru
n
s.
It
is
clear
from
th
e
resu
lts

in
T
ab
le
3:2,
an
d
th
e
p
lots
in
�
gu
re
3.6
th
at
th
e
sh
arp
featu
res
of
G
au
ssian
tw
o
(at
a
p
ossib
le

lim
it
of
resolu
tion
)
p
resen
t
C
U
R
V
E
F
IT
an
d
A
M
O
E
B
A
w
ith
a
very
aw
k
w
ard
test.
In
d
eed
,

b
y
in
sp
ection
of
th
e
errors
q
u
oted
in
T
ab
le
3:2
it
is
p
ossib
le
to
see
th
e
featu
re(s)
th
at
G
a
-G
A

�
n
d
s
m
ost
aw
k
w
ard
to
`id
en
tify
',
th
ese
are
th
e
am
p
litu
d
es
A
2 ,
A
3
an
d
A
4 .

3
.2
.3

A
p
p
lica
tio
n
to
a
ta
rg
e
t
w
ith
a
b
a
ck
g
ro
u
n
d
le
v
e
l

W
e
n
ow
con
sid
er
th
e
case
w
h
ere
th
e
target
h
as
a
con
sid
erab
le
b
ack
grou
n
d
level.
A
G
A

ap
p
roach
m
akes
in
clu
sion
of
su
ch
a
b
ack
grou
n
d
,
or
con
tin
u
u
m
,
ex
trem
ely
sim
p
le.
T
o
sh
ow

th
is,
con
sid
er
a
p
aram
eterisation
of
th
e
b
ack
grou
n
d
b
y
ad
d
ition
of
a
q
u
ad
ratic
of
ord
er
n
,
an

ex
am
p
le
for
n
=
2
is
given
in
eq
u
ation
(3.4).
A
s
an
ex
am
p
le,
con
sid
er
a
n
ew
th
ree
G
au
ssian

con
�
gu
ration
[10
90
6
50
70
3
80
40
4
]
w
ith
5
%
n
oise
(�
d
a
ta (x
)
=
0:05
C
(x
))
an
d
b
ack
grou
n
d
;

th
e
alteration
to
th
e
�
tn
ess
evalu
ation
rou
tin
e
is
m
in
im
al.
W
e
ad
d
th
e
q
u
ad
ratic
form
to
th
e

1It
sh
o
u
ld
b
e
n
o
ted
th
a
t
C
U
R
V
E
F
IT
a
n
d
A
M
O
E
B
A
w
ere
in
itia
lised
w
ith
a
g
u
ess
o
f
ea
ch
p
a
ra
m
eter
th
a
t

is
w
ith
in
�
2
th
e
ta
rg
et
p
a
ra
m
eter
va
lu
e.

2T
h
e
in
terested
rea
d
er
is
d
irected
to
C
h
a
rb
o
n
n
ea
u
&
K
n
a
p
p
(1
9
9
6
)
fo
r
a
d
iscu
ssio
n
o
f
th
is
e�
ect.
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e
en
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m
b
le
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te
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ru
n
s,
fo
r
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e
n
o
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e
le
ss
d
ou
b
le

G
au
ss
ia
n
ta
rg
et
(s
ol
id
li
n
e)
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C
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e
2
an
d
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e
p
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�
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m
o
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d
b
y
G
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-G
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G
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-G
A
,
ta
ke
n
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e
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se
m
b
le
of
te
n
ru
n
s,
fo
r
th
e
n
o
is
e
le
ss
�
ve

G
au
ss
ia
n
ta
rg
et
(s
ol
id
li
n
e)
of
C
as
e
3
an
d
th
e
p
ro
�
le
m
o
d
el
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d
b
y
G
a
-G
A
(4
).

5.
2.
O
P
T
IM
IS
IN
G
T
H
E
�(
T
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
1:
T
h
e
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d
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y
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h
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n
e)
as
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p
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.
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F
igu
re
5.2:
T
h
e
sin
gu
lar
valu
e
(�
n
)
d
istrib
u
tion
of
th
e
m
atrix
con
stru
cted
from

a
ll
133

em
issiv
ities
con
sid
ered
in
th
is
p
rob
lem

for
b
oth
,
�
(n
e )
an
d
�(T
e )
in
verse
p
rob
lem
s
w
ith
a

30
p
oin
t
d
iscretisation
.
U
sin
g
th
e
con
d
ition
n
u
m
b
er
estim
ate
em
p
loyed
b
y
S
E
L
E
C
T
O
R
w
e

ob
tain
valu
es
of
log
1
0
C
K

=
18
an
d
12
for
d
en
sity
an
d
tem
p
eratu
re
kern
els
resp
ectively.

3.2.
R
E
S
U
L
T
S

com
p
lex
case
3,
resu
ltin
g
in
E
(x
)
=
1:984
�
10
�
4
of
th
e
�
ttest
gen
oty
p
e
after
1200
gen
eration
s.

F
or
th
ese
test
cases
�
n
al
valu
es
of
E
(x
),
if
w
e
d
ou
b
led
th
e
n
u
m
b
er
of
gen
eration
s,
w
ill
b
e

lim
ited
b
y
n
u
m
erical
p
recision
an
d
w
ou
ld
p
ossib
ly
attain
n
o
b
etter
valu
es
th
an
th
ose
given

an
d
it
m
u
st
b
e
em
p
h
asised
th
at
th
ese
resu
lts
are
for
o
n
e
p
articu
lar
ru
n
of
G
a
-G
A
from
th
e

en
sem
b
le
of
10
ru
n
s.

W
e
sh
ow
,
in
�
gu
re
3.5,
th
e
d
ecrease
in
E
(x
)
w
ith
gen
eration
n
u
m
b
er
for
th
e
fu
ll
en
sem
b
le

of
ru
n
s
(in
d
icatin
g
th
e
m
ean
E
(x
)
(solid
lin
e),
ex
trem
a
(d
ash
ed
lin
e)
an
d
m
ed
ian
(d
otted

lin
e)
for
each
gen
eration
step
)
for
each
of
th
e
test
cases
ab
ove.
T
h
ese
p
lots
d
em
on
strate
th
e

p
ow
er
of
G
en
etic
A
lgorith
m
s
as
op
tim
isation
to
ols.
T
h
e
step
like
stru
ctu
re
is
clearly
v
isib
le

in
all
th
ree
p
lots,
alth
ou
gh
to
a
m
u
ch
greater
ex
ten
t
in
th
e
u
p
p
erm
ost
p
lot.
S
u
ch
step
s
o
ccu
r

w
h
en
G
a
-G
A
su
d
d
en
ly
ob
tain
s
a
n
ew
`�
tter'
valu
e
for
on
e
(or
m
ore)
p
aram
eter(s),
th
e
lon
g

at

`p
lateau
s'
are
p
oin
ts
w
h
ere
th
e
cu
rren
t
`b
est'
in
th
e
p
op
u
lation
h
asn
't
ch
an
ged
or
w
h
en
th
e

p
op
u
lation
is
largely
d
egen
erate,
i.e.
all
th
e
in
d
iv
id
u
als
h
ave
very
sim
ilar
gen
oty
p
es.
T
h
ese

m
u
tation
ju
m
p
s
w
ill
o
ccu
r
b
ecau
se
th
e
m
u
tation
rate
h
as
b
een
allow
ed
to
in
crease,
an
d
w
ill

th
u
s
in
tro
d
u
ce
n
ew
gen
etic
m
aterial
at
a
h
igh
er
freq
u
en
cy.

F
igu
re
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m
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C
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).
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1.
M
O
T
IV
A
T
IO
N
A
N
D
M
E
T
H
O
D

In
th
is
ch
ap
te
r
w
e
ar
e
u
si
n
g
a
G
A
ve
rs
io
n
w
h
ic
h
im
p
le
m
en
ts
a
sc
h
em
e
in
vo
lv
in
g
a
v
a
ri
a
b
le

m
u
ta
ti
on
ra
te
,
i.
e.
as
th
e
p
op
u
la
ti
on
b
ec
om
es
m
or
e
d
eg
en
er
at
e
(l
it
tl
e
va
ri
at
io
n
)
th
e
p
ro
b
-

ab
il
it
y
of
a
m
u
ta
ti
on
ta
k
in
g
p
la
ce
is
co
rr
es
p
on
d
in
gl
y
in
cr
ea
se
d
,
an
d
m
ak
es
u
se
of
e
li
ti
sm
,

th
e
b
es
t
in
d
iv
id
u
al
in
th
e
ol
d
ge
n
er
at
io
n
is
n
o
t
re
p
la
ce
d
u
n
le
ss
th
er
e
is
a
�
tt
er
on
e
in
th
e

n
ew
ge
n
er
at
io
n
.
T
h
e
se
le
ct
io
n
of
in
d
iv
id
u
al
s
in
th
e
b
re
ed
in
g
op
er
at
or
is
ca
rr
ie
d
ou
t
u
si
n
g
a

ro
u
le
tt
e
-w
h
ee
l
al
go
ri
th
m
(s
ee
D
av
is
19
91
,
C
h
.
1)
,
m
ea
n
in
g
th
at
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d
iv
id
u
al
s
w
it
h
h
ig
h
er
�
tn
es
s

ar
e
as
so
ci
at
ed
w
it
h
se
ct
or
s
of
co
rr
es
p
on
d
in
gl
y
la
rg
e
an
gl
e
on
th
e
ro
u
le
tt
e
w
h
ee
l.
T
h
is
ro
u
le
tt
e

w
h
ee
l,
w
h
en
`s
p
u
n
',
en
su
re
s
th
at
al
th
ou
gh
al
l
in
d
iv
id
u
al
s
ar
e
ca
p
ab
le
of
b
re
ed
in
g,
th
e
�
tt
er

in
d
iv
id
u
al
s
h
av
e
a
sl
ig
h
tl
y
h
ig
h
er
p
ro
b
ab
il
it
y
of
b
ei
n
g
se
le
ct
ed
.

In
m
an
y
w
ay
s
ou
r
G
A
re
se
m
b
le
s
th
at
of
C
h
ar
b
on
n
ea
u
(1
99
5)
,
b
u
t
it
al
so
co
n
ta
in
s
so
m
e

fe
at
u
re
s
of
th
e
G
A
p
re
se
n
te
d
in
D
iv
er
&
Ir
el
an
d
(1
99
7)
.
In
d
ee
d
,
in
th
e
ca
se
s
p
re
se
n
te
d
in
S
ec
-

ti
on
3.
3
w
e
h
av
e
em
p
lo
ye
d
a
va
ri
at
io
n
on
th
e
al
go
ri
th
m
P
IK
A
IA
,
p
re
se
n
te
d
in
C
h
ar
b
on
n
ea
u

(1
99
5)
,
to
m
ax
im
is
e
sp
ee
d
an
d
ac
cu
ra
cy
.

3
.1
.2

F
it
n
e
ss
e
v
a
lu
a
ti
o
n

Is
ol
at
io
n
of
p
ar
ti
cu
la
r
fe
at
u
re
s
(e
.g
.
li
n
e
w
id
th
an
d
ab
so
lu
te
in
te
n
si
ty
)
in
an
em
is
si
on
li
n
e

sp
ec
tr
u
m

m
ad
e
u
p
of
N

li
n
es
is
a
p
ro
ce
d
u
re
u
se
d
b
y
m
an
y
st
an
d
ar
d
�
tt
in
g
al
go
ri
th
m
s,

w
it
h
m
an
y
u
si
n
g
li
n
e
id
en
ti
�
ca
ti
on
as
th
ei
r
p
ri
m
ar
y
`s
ea
rc
h
'
(c
f.
th
e
u
se
r
in
p
u
t
gi
ve
n
to

th
e
al
go
ri
th
m
s
m
en
ti
on
ed
ab
ov
e)
.
O
n
ac
q
u
ir
in
g
th
e
li
n
e
p
os
it
io
n
th
ey
se
q
u
en
ti
al
ly
al
te
r
th
e

am
p
li
tu
d
e
or
th
e
1 e
w
id
th
of
th
e
G
au
ss
ia
n
p
ro
�
le
(s
)
to
ac
h
ie
ve
th
e
`b
es
t'
�
t
to
th
e
ta
rg
et
.

H
ow
ev
er
,
si
n
ce
th
e
ob
se
rv
ed
em
is
si
on
li
n
e
sp
ec
tr
a
ca
n
an
d
d
o,
co
n
ta
in
a
la
rg
e
n
u
m
b
er
of

p
ro
�
le
s,
it
is
p
os
si
b
le
to
ad
op
t
a
m
et
h
o
d
w
h
ic
h
so
lv
es
fo
r
al
l
li
n
es
si
m
u
lt
an
eo
u
sl
y
(s
ee
e.
g.
,

D
iv
er
19
95
;
D
iv
er
&
Ir
el
an
d
19
97
).

W
h
en
G
a
-G
A
`r
ec
og
n
is
es
'
sp
ec
tr
al
fe
at
u
re
s,
i.
e.
on
e
of
th
e
G
au
ss
ia
n
d
es
cr
ib
in
g
p
ar
am
et
er
s

or
an
en
ti
re
p
ro
�
le
,
th
e
co
rr
es
p
on
d
in
g
�
n
al
so
lu
ti
on
w
il
l
b
e
a
b
et
te
r
re
p
re
se
n
ta
ti
on
of
th
e

ta
rg
et
an
d
w
il
l
re
su
lt
in
th
at
st
ri
n
g
of
p
ar
am
et
er
s
b
ei
n
g
gi
ve
n
a
h
ig
h
er
�
tn
es
s.
S
in
ce
G
a
-

G
A
u
se
s
th
e
m
ec
h
an
ic
s
of
n
at
u
ra
l
se
le
ct
io
n
,
a
ge
n
ot
y
p
e
w
it
h
a
h
ig
h
er
�
tn
es
s
va
lu
e
w
il
l
b
e

p
re
va
le
n
t
in
th
e
cu
rr
en
t
an
d
fu
tu
re
ge
n
er
at
io
n
s
u
n
ti
l
re
p
la
ce
d
b
y
a
`�
tt
er
'
in
d
iv
id
u
al
.

G
a
-G
A
u
se
s
p
ar
am
et
er
st
ri
n
gs
of
le
n
gt
h
3
�
N
,
w
h
er
e
N

is
th
e
es
ti
m
at
ed
n
u
m
b
er
of

G
au
ss
ia
n
p
ro
�
le
s
in
th
e
li
n
e
sp
ec
tr
u
m
to
b
e
an
al
y
se
d
,
an
d
th
re
e
b
ec
au
se
it
re
q
u
ir
es
th
re
e

p
ar
am
et
er
s
to
d
es
cr
ib
e
a
ge
n
er
al
G
au
ss
ia
n
p
ro
�
le
.
T
h
es
e
p
ar
am
et
er
s
ar
e
ab
so
lu
te
p
os
it
io
n
in

w
av
el
en
gt
h
,
at
ch
an
n
el
(X
),
am
p
li
tu
d
e
(A
),
an
d
th
e
G
au
ss
ia
n
's

1 e
va
lu
e
(W
)
an
d
ar
e
en
co
d
ed

5.
2.
O
P
T
IM
IS
IN
G
T
H
E
�(
T
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
4:
T
h
e
to
p
p
lo
t
su
p
er
im
p
os
es
p
lo
ts
of
S
j
(T
e
)
at
p
oi
n
ts
j
=
f1
;5
00
;1
00
0;
15
00
;2
00
0g

d
u
ri
n
g
th
e
ev
ol
u
ti
on
ar
y
ru
n
sh
ow
n
ab
ov
e.
T
h
e
lo
w
er
p
lo
t
sh
ow
s
th
e
co
ve
ra
ge
p
er
ce
n
ta
ge

of
ea
ch
S
j
(T
e
)
at
ev
er
y
ge
n
er
at
io
n
,
th
is
p
lo
t
cl
ea
rl
y
d
em
on
st
ra
te
s
th
at
b
et
te
r
co
n
d
it
io
n
ed

ke
rn
el
s
h
av
e
a
m
or
e
u
n
if
or
m
`a
m
p
li
tu
d
e'
sp
re
ad
ov
er
th
e
w
h
ol
e
T
e
d
om
ai
n
.



5.3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

b
elon
gin
g
to
th
e
�
ttest
in
d
iv
id
u
al
at
th
e
en
d
of
th
e
�
ve
th
ou
san
d
th
gen
eration
.
O
f
th
e
300,

5000
gen
eration
,
ru
n
s
of
S
E
L
E
C
T
O
R
th
e
valu
e
of
C
K

asso
ciated
to
th
e
set
of
em
ission
lin
es

p
rov
id
ed
b
y
ru
n
106
is
less
th
an
th
ose
of
th
e
oth
er
ru
n
s,
w
ith
log
1
0
C
K

=
4:2709.
T
h
e
d
ata

from
�
gu
res
5.5
an
d
5.6
is
collated
in
T
ab
le
5.2,
w
ith
all
lin
es
of
�
gu
re
5.5
ab
ove
th
e
m
ean

selection
freq
u
en
cy
(72:1805)
are
given
w
ith
th
e
tem
p
eratu
re
at
w
h
ich
K
l (T
e )
p
eak
s
(T
m
a
x

e

)

an
d
if
th
ey
b
elon
g
to
th
e
set
ch
osen
in
ru
n
n
u
m
b
er
106
th
en
th
ey
are
in
d
icated
b
y
an
asterisk

(�).T
h
e
resu
lts
of
th
e
M
on
te
C
arlo
seq
u
en
ce
of
ru
n
s
sh
ow
th
at,
for
th
e
�(T
e )
in
verse
p
rob
lem
,

an
op
tim
al
set
ex
ists
an
d
th
at
th
e
in
verse
p
rob
lem
w
ill
b
e
con
sid
erab
ly
b
etter
con
d
ition
ed

th
an
on
e
u
sin
g
th
e
\all-lin
es"
ap
p
roach
.
It
is
also
d
em
on
strated
th
at
th
e
b
est
kern
els
h
ave

th
e
greatest
d
egree
of
u
n
iform

coverage
of
th
e
tem
p
eratu
re
d
om
ain
(see,
e.g,
�
gu
re
5.7).

T
h
is
latter
p
oin
t
en
su
res
th
at
D
E
M

in
version
s
p
erform
ed
u
sin
g
th
e
op
tim
ised
kern
el
w
ill
b
e

in
d
ep
en
d
en
t
of
th
e
regu
larisation
m
eth
o
d
u
sed
(see
C
h
ap
ter
2).
T
o
clarify
th
is
statem
en
t
w
e

rem
em
b
er
th
at
regu
larisation
sm
o
oth
es
d
iscon
tin
u
ou
s
region
s
of
th
e
in
tegration
d
om
ain
(i.e.

it
w
ill
try
to
�
ll
in
gap
s
an
d
leap
s
w
ith
sm
o
oth
p
oly
n
om
ial
fu
n
ction
s).
If
th
e
w
h
ole
d
om
ain

is
u
n
iform
ly
sam
p
led
in
th
e
w
ay
w
e
h
ave
d
iscu
ssed
,
regu
larisation
w
ill
n
ot
b
e
allow
ed
to
alias

th
e
recovered
D
E
M

fu
n
ction
,
�(T
e ).

T
h
u
s,
to
assess
th
e
valid
ity
of
th
is
G
A
an
aly
sis,
w
e
m
u
st
p
erform
an
in
version
for
b
oth

th
e
op
tim
al
su
b
set
of
30
(th
ose
id
en
ti�
ed
in
ru
n
106)
an
d
th
e
fu
ll
set
of
133
em
ission
lin
es

to
com
p
are
th
e
stab
ility
of
th
e
in
verted
solu
tion
s.
T
h
ese
in
version
s
are
p
erform
ed
u
sin
g
a

regu
larisation
`forw
ard
-b
ack
w
ard
'
m
eth
o
d
.
T
h
is
m
eth
o
d
in
volves
com
p
u
tation
of
lin
e
in
ten
-

sities
(w
ith
ap
p
rop
riate
errors,
15%
in
th
is
test)
for
a
given
m
o
d
el
�(T
e )
fu
n
ction
.
T
h
en
it

is
a
sim
p
le
case
of
em
p
loy
in
g
a
T
ich
on
ov
regu
larisation
algorith
m
(d
escrib
ed
in
C
h
ap
ter
2.1)

w
ith
a
ran
ge
of
sm
o
oth
in
g
p
aram
eters
�
(10
0
�
10
6)
to
ob
tain
a
solu
tion
.
F
igu
re
5.8
clearly

sh
ow
s
th
at
th
e
in
version
p
erform
ed
w
ith
th
e
op
tim
al
su
b
set
of
lin
es
is
sign
i�
can
tly
m
ore
sta-

b
le
n
u
m
erically
th
an
th
at
ob
tain
ed
w
h
en
u
sin
g
th
e
\all-lin
es"
ap
p
roach
,
esp
ecially
over
th
e

w
id
e
ran
ge
of
sm
o
oth
in
g
p
aram
eters
u
sed
.

5
.3

O
p
tim
isin
g
th
e
�(n
e )
in
v
e
rse
p
ro
b
le
m

A
lth
ou
gh
n
ot
com
m
on
ly
sou
gh
t
after
in
astrop
h
y
sical
ob
servation
s,
th
e
d
i�
eren
tial
em
ission

m
easu
re
in
electron
d
en
sity
(cf.
eq
u
ation
(5.9))

�
(n
e )
= Z

S
n
e

n
2e

jr
n
e j
d
S
n
e

;

(5.14)

3.1.
M
O
T
IV
A
T
IO
N
A
N
D
M
E
T
H
O
D

2.
S
elect
a
su
b
set
of
th
e
�
tter
in
d
iv
id
u
als,
an
d
b
reed
th
em
to
p
ro
d
u
ce
a
n
ew
p
op
u
lation
.

3.
E
valu
ate
th
e
�
tn
ess
of
each
in
d
iv
id
u
al
in
th
e
n
ew
p
op
u
lation
.

4.
R
ep
lace
th
e
old
p
op
u
lation
w
ith
th
e
n
ew
on
e

5.
C
h
eck
w
h
eth
er
th
e
�
tn
ess
h
as
reach
ed
som
e
p
re-d
e�
n
ed
toleran
ce,
or
th
e
n
u
m
b
er
of
iter-

ation
s
(or
g
e
n
e
ra
tio
n
s)
h
as
reach
ed
its
m
ax
im
u
m
;
if
n
ot
retu
rn
to
step
2.

G
A
s
carry
ou
t
a
form
of
forw
ard
m
o
d
ellin
g,
b
y
p
erform
in
g
a
h
eu
ristic
search
of
th
e
p
rob
-

lem
's
p
aram
eter
sp
ace.
W
h
at
d
istin
gu
ish
es
a
G
A
from
oth
er
forw
ard
m
o
d
ellin
g
m
eth
o
d
s
(su
ch

as
M
on
te
C
arlo
sim
u
lation
)
is
p
rim
arily
th
e
w
ay
in
w
h
ich
n
ew
trial
solu
tion
s
are
con
stru
cted

from
th
e
cu
rren
t
p
op
u
lation
of
trial
solu
tion
s
(cf.
step
2
ab
ove).

A
t
th
e
m
ost
b
asic
level
a
G
A
can
b
e
v
iew
ed
as
a
p
ro
cessor
of
a
set
of
strin
gs,
each
en
co
d
in
g

a
p
articu
lar
version
of
th
e
m
o
d
el
b
ein
g
op
tim
ised
.
A
su
b
set
of
th
e
�
tter
in
d
iv
id
u
als
of
th
e

cu
rren
t
p
op
u
lation
are
selected
an
d
p
aired
,
an
d
th
e
d
e�
n
in
g
strin
gs
of
each
su
ch
p
air
are

su
b
jected
to
th
e
action
of
tw
o
gen
etic
op
erators:
c
ro
ss-o
v
e
r
an
d
m
u
ta
tio
n
.
T
h
e
cross-over

op
eration
in
volves
d
issection
of
th
e
tw
o
p
aren
t
strin
gs
at
a
ran
d
om
ly
ch
osen
p
oin
t
alon
g

th
e
strin
g,
follow
ed
b
y
th
e
in
terch
an
ge
of
th
e
d
issected
com
p
on
en
ts.
In
th
is
w
ay
tw
o
n
ew

strin
gs
are
p
ro
d
u
ced
from
tw
o
p
aren
t
strin
gs
(see
�
gu
re
3.1).
T
h
e
secon
d
op
erator,
m
u
ta
tio
n
,

in
volves
th
e
rep
lacem
en
t
of
a
few
ran
d
om
ly
selected
d
igit
in
th
e
tw
o
strin
gs
p
ro
d
u
ced
b
y

th
e
cross-over
op
eration
w
ith
ran
d
om
ly
gen
erated
d
igit
valu
es.
Its
p
rim
ary
p
u
rp
ose
is
to

m
ain
tain
a
su
itab
le
level
of
variation
in
th
e
p
op
u
lation
,
w
h
ich
is
essen
tial
for
selection
to

op
erate.
T
h
e
com
b
in
ation
of
sto
ch
astic
gen
etic
op
erators
w
ith
�
tn
ess-b
ased
selection
y
ield
s
a

p
ow
erfu
l
search
algorith
m
th
at
can
m
ove
aw
ay
from
secon
d
ary
ex
trem
a
an
d
lo
cate
th
e
g
lo
ba
l

ex
trem
u
m

in
p
aram
eter
sp
ace
(see,
e.g.,
G
old
b
erg
1989;
D
av
is
1991;
C
h
arb
on
n
eau
1995;

M
itch
ell
1996)

C
ross-O

ver Point

Parent 1

Parent 2

C
hild 1

C
hild 2

F
igu
re
3.1:
A
p
ictorial
ex
p
lan
ation
of
th
e
m
ain
G
A
b
reed
in
g
op
erator,
c
ro
ss-o
v
e
r.



C
h
a
p
te
r
3

S
p
e
c
tr
a
l
d
e
c
o
m
p
o
si
ti
o
n
b
y
g
e
n
e
ti
c

fo
r
w
a
r
d
m
o
d
e
ll
in
g

T
h
is
C
h
a
p
te
r

In
th
is
ch
a
p
te
r
w
e
ta
ke
a
br
ie
f
si
d
e-
st
ep
to
lo
o
k
a
t
a
d
ia
gn
o
st
ic
(o
p
ti
m
is
a
ti
o
n
)
m
et
h
od
u
se
d

ex
te
n
si
ve
ly
in
th
e
fo
ll
o
w
in
g
ch
a
p
te
rs
o
f
th
is
th
es
is
;
th
e
G
en
et
ic
A
lg
o
ri
th
m
(G
A
).
T
o
d
em
o
n
st
ra
te

th
ei
r
o
pe
ra
ti
o
n
a
n
d
co
d
in
g
w
e
a
p
p
ly
a
si
m
p
le
G
A
to
th
e
a
n
a
ly
si
s
o
f
re
a
l
a
n
d
si
m
u
la
te
d
li
n
e
sp
ec
tr
a

(t
h
e
G
A
a
p
p
li
ca
ti
o
n
s
p
re
se
n
te
d
in
la
te
r
ch
a
p
te
rs
a
re
m
er
el
y
ex
te
n
si
o
n
s
o
f
th
is
m
et
h
od
).
In

pa
rt
ic
u
la
r,
w
e
sh
o
w
th
a
t
th
is
G
A
ba
se
d
te
ch
n
iq
u
e
ex
pe
ri
en
ce
s
n
o
n
e
o
f
th
e
u
se
r
bi
a
s
o
r
sy
st
em
a
ti
c

p
ro
bl
em
s
th
a
t
a
ri
se
w
h
en
fa
ce
d
w
it
h
po
o
rl
y
sa
m
p
le
d
o
r
n
o
is
y
d
a
ta
.
A
n
im
po
rt
a
n
t
fe
a
tu
re
o
f
th
is

te
ch
n
iq
u
e
is
th
e
ea
se
w
it
h
w
h
ic
h
ri
gi
d
a
p
ri
o
ri
co
n
st
ra
in
ts
ca
n
be
a
p
p
li
ed
to
th
e
d
a
ta
.
T
h
es
e

co
n
st
ra
in
ts
m
a
ke
th
e
G
A
d
ec
o
m
po
si
ti
o
n
m
u
ch
m
o
re
a
cc
u
ra
te
a
n
d
st
a
bl
e,
es
pe
ci
a
ll
y
a
t
th
e
li
m
it

o
f
in
st
ru
m
en
ta
l
re
so
lu
ti
o
n
,
th
a
n
d
ec
o
m
po
si
ti
o
n
a
lg
o
ri
th
m
s
co
m
m
o
n
ly
in
u
se
.

T
h
e
la
u
n
ch
of
th
e
S
O
la
r
an
d
H
el
io
sp
h
er
ic
O
b
se
rv
at
or
y
(S
O
H
O
)
sa
te
ll
it
e
d
is
cu
ss
ed
in

C
h
ap
te
r
1,
h
as
re
n
ew
ed
in
te
re
st
in
th
e
cl
as
si
�
ca
ti
on
(S
ee
ly
et
al
.
19
97
;
L
am
in
g
et
al
.
19
97
)

an
d
in
te
rp
re
ta
ti
on
(B
re
k
ke
et
al
.
19
97
;
?
?
)

of
h
ig
h
sp
ec
tr
al
re
so
lu
ti
on
u
lt
ra
v
io
le
t
(U
V
)

an
d
ex
tr
em
e
u
lt
ra
v
io
le
t
(E
U
V
)
em
is
si
on
sp
ec
tr
a.
T
h
e
m
a
jo
ri
ty
of
th
es
e
sp
ec
tr
a
co
m
e
fr
om

th
e
S
ol
ar
U
lt
ra
v
io
le
t
M
ea
su
re
m
en
t
of
E
m
it
te
d
R
ad
ia
ti
on
(S
U
M
E
R
),
an
d
C
or
on
al
D
ia
gn
os
ti
c

S
p
ec
tr
om
et
er
(C
D
S
)
in
st
ru
m
en
ts
on
b
oa
rd
S
O
H
O
(W
il
h
el
m
et
al
.
19
95
;
H
ar
ri
so
n
et
al
.
19
95
).

A
�
rs
t
st
ep
in
th
e
an
al
y
si
s
of
em
is
si
on
li
n
e
sp
ec
tr
a
is
to
id
en
ti
fy
an
d
m
ea
su
re
p
ro
p
er
ti
es
of

li
n
es
b
el
ie
ve
d
to
b
e
p
re
se
n
t.
T
h
is
is
u
su
al
ly
ac
h
ie
ve
d
b
y
as
so
ci
at
in
g
(s
u
b
je
ct
iv
el
y
)
th
e
ob
se
rv
ed

sp
ec
tr
al
li
n
e
p
ro
�
le
s
w
it
h
io
n
ic
an
d
at
om
ic
tr
an
si
ti
on
s
of
`k
n
ow
n
'
la
b
or
at
or
y
w
av
el
en
gt
h
s.

F
ro
m

th
es
e
p
os
si
b
ly
b
ia
se
d
d
ec
om
p
os
it
io
n
s,
p
h
y
si
ca
l
m
o
d
el
s
of
th
e
u
n
d
er
ly
in
g
p
la
sm
a
ar
e

5.
3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
6:
T
h
is
�
gu
re
id
en
ti
�
es
th
e
op
ti
m
al
su
b
se
ts
of
th
e
13
3
em
is
si
on
li
n
es
u
se
d
(g
ro
u
p
ed

ac
co
rd
in
g
to
th
ei
r
at
om
ic
/i
on
is
at
io
n
st
ag
e)
at
th
e
en
d
of
ea
ch
of
th
e
30
0
M
on
te
C
ar
lo
ru
n
s
of

S
E
L
E
C
T
O
R
an
d
si
m
u
lt
an
eo
u
sl
y
h
ig
h
li
gh
ts
th
e
sc
al
e
of
th
e
co
m
b
in
at
or
ia
l
p
ro
b
le
m
.
T
h
e
ru
n
s

ar
e
se
q
u
en
ce
d
fr
om
b
ot
to
m
to
to
p
an
d
ea
ch
ru
n
is
co
lo
u
r
co
d
ed
w
it
h
th
e
lo
w
es
t
co
n
d
it
io
n

n
u
m
b
er
s
(a
n
at
tr
ib
u
te
of
th
e
li
n
es
se
le
ct
ed
)
ap
p
ea
ri
n
g
w
h
it
e
an
d
in
cr
ea
si
n
g
in
d
ar
k
n
es
s
as

th
e
co
n
d
it
io
n
n
u
m
b
er
of
th
e
ru
n
in
cr
ea
se
s.
R
u
n
10
6
(i
n
d
ic
at
ed
on
th
e
ri
gh
t)
h
as
ob
ta
in
ed
a

co
n
d
it
io
n
n
u
m
b
er
of
lo
g
1
0
C
0 K

=
4:
27
09
,
co
n
si
d
er
ab
ly
lo
w
er
th
an
th
at
(l
og
1
0
C
0 K

=
11
:5
5)
fo
r

th
e
\a
ll
-l
in
es
"
ap
p
ro
ac
h
.
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M

F
igu
re
5.7:
T
h
e
u
p
p
er
p
lot
sh
ow
s
th
e
d
istrib
u
tion
of
em
issiv
ity
m
ax
im
a
for
th
e
lin
es
in

T
ab
le
5.3.
T
h
e
low
er
p
lot
sh
ow
s
th
e
n
orm
alised
su
m
m
ed
em
issiv
ities �
dS500

0 (T
e ) �
.
T
h
ese

em
ission
lin
es
all
b
elon
g
to
th
e
op
tim
al
su
b
set
of
ru
n
106.

2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

to
m
ake
th
e
tran
sition
s.
P
erform
in
g
su
ch
ex
p
erim
en
ts
at
low
en
ergies
m
akes
th
e
sy
stem

su
scep
tib
le
to
ex
tern
al
(electric
an
d
m
agn
etic)
e�
ects.

4.
T
h
e
lifetim
es
of
som
e
of
th
e
atom
ic
levels
are
to
o
sh
ort
to
allow
m
easu
rem
en
t
(at
all,
in

som
e
cases)
of
th
e
rate
co
eÆ
cien
ts.

5.
T
h
e
p
ro
d
u
ction
an
d
con
tain
m
en
t
of
ex
trem
ely
h
igh
ly
ion
ized
sp
ecies
(e.g.,
th
ose
m
ore
th
an

th
ree
tim
es
ion
ised
fou
n
d
in
region
s
of
th
e
solar
coron
a)
in
a
lab
oratory
p
lasm
a
is
d
iÆ
cu
lt.

T
ogeth
er,
th
ese
facts
m
ean
th
at
th
ere
are
very
few
m
easu
rem
en
ts
of
atom
-electron
cross-

-section
s
availab
le
from
lab
oratory
ex
p
erim
en
ts.
In
d
eed
,
m
ost
are
d
eterm
in
ed
p
u
rely
from

th
eoretical
w
ork
,
see
th
e
volu
m
e
ed
ited
b
y
B
row
n
&
L
an
g
(1988).



2.
2.
A
T
O
M
IC
P
H
Y
S
IC
S

w
h
ic
h
h
as
th
e
sa
m
e
fa
ct
or
(C
1
2

C
1
3
)
as
th
e
te
m
p
er
at
u
re
ca
se
,
b
u
t
th
e
d
en
si
ty
d
ep
en
d
en
ce
ar
is
es

fr
om
th
e
fa
ct
or
in
b
ra
ck
et
s
an
d
es
p
ec
ia
ll
y
w
h
en
n
e
C
2
3
�
A
2
1
,
th
e
d
en
si
ty
at
w
h
ic
h
th
is
o
cc
u
rs

is
k
n
ow
n
as
th
e
\c
ri
ti
ca
l
d
en
si
ty
".

A
ga
in
,
w
e
ca
n
p
u
t
th
is
st
at
em
en
t
on
a
m
at
h
em
at
ic
al
fo
ot
in
g;
w
e
u
se
an
an
al
og
ou
s
ap
-

p
ro
ac
h
to
th
at
of
?
?
.
C
on
si
d
er
an
op
ti
ca
ll
y
th
in
p
la
sm
a
th
at
is
is
ot
h
er
m
al
w
it
h
T
e
=
T
0
.
T
h
e

to
ta
l
em
is
si
on
of
a
li
n
e
la
b
el
le
d
i,
gi
ve
n
b
y
eq
u
at
io
n
(2
.6
8)
an
d
eq
u
at
io
n
(2
.7
0)
is

I i
=

Z n
e

K
i(
n
e
)
�
(n
e
)
d
n
e
;

(2
.8
1)

fo
r
K
i(
n
e
)
=
K
i(
n
e
;T
e
=
T
0
).
S
in
ce
th
e
p
la
sm
a
h
as
n
o
u
n
iq
u
e
n
e
,
w
e
ca
n
n
ev
er
th
el
es
s
d
e�
n
e

a
sp
ec
tr
os
co
p
ic
`m
ea
n
'
el
ec
tr
on
d
en
si
ty
fo
r
th
e
an
y
ra
ti
o
of
li
n
es
d
is
p
la
y
in
g
so
m
e
d
eg
re
e
of

d
en
si
ty
se
n
si
ti
v
it
y,
fo
r
in
st
an
ce
u
si
n
g
a
re
so
n
an
ce
li
n
e
an
d
an
in
te
rs
y
st
em
li
n
e
fr
om
a
co
m
m
on

io
n
is
at
io
n
st
ag
e
of
a
p
ar
ti
cu
la
r
at
om
,
as
ab
ov
e.
F
or
th
is
p
ai
r
(i
;j
),
w
e
se
ek
th
e
el
ec
tr
on
d
en
si
ty

of
a
h
om
og
en
eo
u
s
p
la
sm
a
th
at
w
ou
ld
y
ie
ld
th
e
sa
m
e
li
n
e
ra
ti
o,
R
ij
,
as
th
e
in
h
om
og
en
eo
u
s

p
la
sm
a
u
n
d
er
ob
se
rv
at
io
n
.
T
o
ac
h
ie
ve
th
is
w
e
d
e�
n
e
�
(n
e
)
=
� 0
Æ(
n
e
�
hn
e
i)
,
w
h
er
e
hn
e
i
is

th
e
`m
ea
n
'
sp
ec
tr
os
co
p
ic
el
ec
tr
on
d
en
si
ty
as
d
e�
n
ed
ea
rl
ie
r.
G
iv
en
th
is
,
w
e
fo
ll
ow
th
e
st
ep
s

le
ad
in
g
to
eq
u
at
io
n
(2
.7
7)
w
h
er
e
w
e
n
ow
h
av
e

hn
e
i i
j
=
G
�
1
ij
(R
ij
)
;

(2
.8
2)

w
h
er
e
G
ij
is
an
in
ve
rt
ib
le
fu
n
ct
io
n
(c
f.
S
ij
of
eq
u
at
io
n
(2
.7
7)
)
in
th
e
p
la
sm
a
re
gi
m
e
w
e
ar
e

co
n
si
d
er
in
g.
A
ga
in
,
th
is
p
ro
ce
ss
ca
n
al
so
b
e
re
p
re
se
n
t
p
ic
to
ri
al
ly
,
se
e
�
gu
re
2.
11
.

2
.2
.3

T
h
e
n
a
tu
re
o
f
e
rr
o
rs
in
li
n
e
e
m
is
si
v
it
ie
s

W
e
h
av
e
se
en
th
at
,
fo
r
re
so
n
an
ce
li
n
es
,
th
e
li
n
e
em
is
si
v
it
y
(e
q
u
at
io
n
(2
.6
2)
)
fo
r
a
li
n
e
la
b
el
le
d

i
ca
n
b
e
ex
p
re
ss
ed
as

K
i
=
�
i
X
i
Y
i

(2
.8
3)

w
h
er
e
�
i
is
th
e
M
ax
w
el
li
an
-a
ve
ra
ge
d
co
ll
is
io
n
st
re
n
gt
h
,
as
ab
ov
e.
W
e
h
av
e
si
m
p
li
�
ed
th
e

co
m
p
on
en
ts
,
m
ad
e
u
se
of
eq
u
at
io
n
(2
.6
1)
,
in
tr
o
d
u
ce
d
X
=

n
io
n

n
e
l

th
e
io
n
is
at
io
n
fr
ac
ti
on
an
d

Y
=
n
e
l

n
H

th
e
ab
u
n
d
an
ce
of
th
e
el
em
en
t
re
la
ti
ve
to
h
y
d
ro
ge
n
.
T
o
ob
ta
in
an
er
ro
r
es
ti
m
at
e
ÆK
i

fo
r
K
i
w
e
n
ot
e
th
at

ÆK
i

K
i

=
s � Æ
�
i

�
i

� 2 +
� ÆX
i

X
i

� 2 +
� ÆY
i
Y
i

� 2
;

(2
.8
4)

an
d
re
m
em
b
er
in
g
th
at
w
e
h
av
e
p
re
v
io
u
sl
y
as
su
m
ed
th
at
th
e
el
em
en
ta
l
ab
u
n
d
an
ce
s
ar
e
co
n
-

st
an
t,
th
e
em
is
si
v
it
y
er
ro
rs
ar
e
d
om
in
at
ed
b
y
a
el
em
en
ta
ry
fa
ct
or
s,
an
d
th
ey
ar
e
(J
u
d
ge
et
al
.

19
97
)
:

5.
3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

or
d
en
si
ty
gr
ad
ie
n
t
w
ei
gh
te
d
m
ea
n
sq
u
ar
e
el
ec
tr
on
d
en
si
ty
is
a
q
u
an
ti
ty
th
at
w
o
u
ld
b
e
of

gr
ea
t
va
lu
e
if
it
w
as
p
os
si
b
le
to
in
fe
r
�
(n
e
)
re
li
ab
ly
fr
om
th
e
ob
se
rv
ed
sp
ec
tr
a.

W
e
h
av
e
al
re
ad
y
se
en
th
at
th
e
in
fe
re
n
ce
of
su
ch
a
d
is
tr
ib
u
ti
on
re
q
u
ir
es
th
e
so
lu
ti
on
of

a
F
re
d
h
ol
m
in
te
gr
al
eq
u
at
io
n
of
th
e
�
rs
t
k
in
d
.
A
ss
u
m
in
g
th
is
ti
m
e
th
at
th
e
p
la
sm
a
vo
lu
m
e

u
n
d
er
ob
se
rv
at
io
n
is
is
ot
h
er
m
al
,
sa
y
w
it
h
T
e
=
T
o
=
10
5
K
,
w
e
ca
n
re
d
u
ce
eq
u
at
io
n
(5
.1
)
fo
r

th
e
to
ta
l
in
te
n
si
ty
of
li
n
e
l,
fo
r
em
is
si
v
it
y
K
l(
n
e
;T
o
)
=
K
l(
n
e
),
to

I l
=

Z n
e

K
l(
n
e
)
�
(n
e
)
d
n
e
:

(5
.1
5)

T
h
is
in
ve
rs
e
p
ro
b
le
m
is
si
gn
i�
ca
n
tl
y
d
i�
er
en
t
fr
om
th
at
d
is
cu
ss
ed
ab
ov
e,
p
ri
m
ar
il
y
b
ec
au
se
of

th
e
fu
n
ct
io
n
al
b
eh
av
io
u
r
of
th
e
li
n
e
em
is
si
v
it
ie
s
w
it
h
el
ec
tr
on
d
en
si
ty
.
O
n
e
of
th
e
im
p
or
ta
n
t

fe
at
u
re
s
re
co
gn
is
ed
ab
ov
e
w
as
th
at
th
e
em
is
si
v
it
y
of
ea
ch
li
n
e
as
a
fu
n
ct
io
n
of
te
m
p
er
at
u
re

is
w
el
l
ap
p
ro
x
im
at
ed
b
y
a
G
au
ss
ia
n
,
h
ow
ev
er
fu
n
ct
io
n
s
K
l(
n
e
)
ar
e
n
o
t.
In
d
ee
d
,
th
e
m
a
jo
ri
ty

of
K
ls
ar
e
`b
ro
ad
',

at
fu
n
ct
io
n
s
co
ve
ri
n
g
th
e
en
ti
re
d
en
si
ty
d
om
ai
n
of
in
te
re
st
n
e
(1
08
�
10
1
2

cm
�
3
).

G
iv
en
th
at
th
e
ab
ov
e
st
at
em
en
t
is
tr
u
e
w
e
ar
e
fa
ce
d
w
it
h
a
d
i�
er
en
t
h
u
rd
le
fr
om
th
at
of
th
e

p
re
v
io
u
s
se
ct
io
n
.
If
th
e
em
is
si
v
it
ie
s
of
th
e
li
n
es
ar
e
`
at
'
in
th
e
fu
n
ct
io
n
al
se
n
se
th
en
th
er
e
w
il
l

b
e
an
in
cr
ea
se
in
ro
w
li
n
ea
r
d
ep
en
d
en
ce
an
d
a
co
rr
es
p
on
d
in
g
in
cr
ea
se
in
C
K

co
m
p
ar
ed
w
it
h

th
e
�(
T
e
)
p
ro
b
le
m
.
T
h
e
�
(n
e
)
in
ve
rs
e
p
ro
b
le
m
is
ex
tr
em
el
y
p
o
or
ly
co
n
d
it
io
n
ed
in
co
m
p
ar
is
on
.

S
o,
as
w
as
th
e
ca
se
in
th
e
d
is
cu
ss
io
n
ab
ov
e
w
e
h
av
e
to
as
k
w
h
at
p
ro
p
er
ti
es
of
th
e
li
n
e

em
is
si
v
it
ie
s
w
il
l
d
is
ti
n
gu
is
h
th
em
fr
om
th
e
re
st
su
ch
th
at
th
e
co
n
d
it
io
n
in
g
is
im
p
ro
ve
d
?
U
n
d
er

th
e
as
su
m
p
ti
on
th
at
th
e
em
it
ti
n
g
vo
lu
m
e
of
so
la
r
p
la
sm
a
w
e
ar
e
m
o
d
el
li
n
g
is
is
ot
h
er
m
al
(a
t

so
m
e
te
m
p
er
at
u
re
T
o
)
w
e
co
n
si
d
er
th
e
fo
rm
of
K
r
es
(n
e
)
an
d
K
in
t(
n
e
).
A
t
al
l
el
ec
tr
on
d
en
si
ti
es

K
r
es
(n
e
)
es
se
n
ti
al
ly
co
rr
es
p
on
d
s
to
th
e
d
ep
en
d
en
ce
of
th
e
ra
d
ia
ti
n
g
el
em
en
t'
s
ab
u
n
d
an
ce

re
la
ti
ve
to
th
at
of
h
y
d
ro
ge
n
an
d
w
il
l
d
ec
re
as
e
m
on
ot
on
ic
al
ly
w
it
h
in
cr
ea
si
n
g
n
e
.
A
ga
in
,
th
e

fo
rm
of
K
in
t(
n
e
)
d
ep
en
d
s
on
th
e
cr
it
ic
al
d
en
si
ty
(s
ee
S
ec
ti
on
2.
2)
an
d
ca
n
b
e
ca
te
go
ri
se
d
as

fo
ll
ow
s
:

-
A
t
lo
w
d
en
si
ti
es
,
ra
d
ia
ti
ve
d
ec
ay
d
om
in
at
es
an
d
th
e
em
is
si
v
it
y
is
es
se
n
ti
al
ly
co
n
st
an
t.

-
A
t
d
en
si
ti
es
ar
ou
n
d
th
e
cr
it
ic
al
d
en
si
ty
(n
e
�
A
1
2

C
2
3
)
th
e
ra
d
ia
ti
ve
an
d
co
ll
is
io
n
al
m
ec
h
an
is
m
s

co
m
p
et
e
an
d
th
e
re
su
lt
is
an
em
is
si
v
it
y
va
ry
in
g
as
n
Æ e
,
w
h
er
e
(�
1
<
Æ
<
0)
d
ep
en
d
in
g
on

th
e
at
om
.

-
A
t
h
ig
h
el
ec
tr
on
d
en
si
ti
es
co
ll
is
io
n
p
ro
ce
ss
es
d
om
in
at
e
an
d
th
e
m
et
as
ta
b
le
le
ve
l
w
il
l
at
ta
in

a
B
ol
tz
m
an
n
eq
u
il
ib
ri
u
m
an
d
th
e
em
is
si
v
it
y
w
il
l
va
ry
as
n
�
1
e
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O
n
e
m
ain
ex
cep
tion
to
th
ese
ru
les
ex
ists.
F
or
lin
es
ex
cited
from
low
-ly
in
g
m
etastab
le
levels

th
eir
em
issiv
ities
w
ill
vary
as
n
Æe
(0
<

Æ
<

1)
as
th
e
p
op
u
lation
of
th
e
m
etastab
le
level

b
ecom
es
com
p
arab
le
to
th
at
of
th
e
grou
n
d
level,
even
tu
ally
attain
in
g
a
B
oltzm
an
n
w
h
ere
th
e

em
issiv
ity
w
ill
b
ecom
e
con
stan
t.
F
igu
re
5.9
sh
ow
s
th
e
fu
n
ction
al
b
eh
av
iou
r
of
th
e
tw
o
lin
es

of
N
IV
d
iscu
ssed
p
rev
iou
sly
(765:147;
1486:496
�A
)
w
ith
n
e .

F
igu
re
5.9:
T
h
e
em
issiv
ities
of
a
reson
an
ce
lin
e
(solid
lin
e)
an
d
in
tersy
stem

lin
e
(d
ash
ed

lin
e)
as
fu
n
ction
s
of
electron
d
en
sity
on
ly.

T
h
ese
are
for
lin
es
of
N

IV

(w
avelen
gth
s

765:147;
1486:496
�A
)
calcu
lated
for
an
assu
m
ed
isoth
erm
al
p
lasm
a
of
T
o
=
10
5
K
.

W
h
ere,
in
th
e
�(T
e )
p
rob
lem
,
th
e
em
issiv
ities
w
ere
rou
gh
ly
G
au
ssian
fu
n
ction
s
of
tem
p
er-

atu
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e
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b
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b
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b
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con
d
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h
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w
e

2.2.
A
T
O
M
IC
P
H
Y
S
IC
S
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S
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con
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g
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�
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2.6).
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o
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con
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d
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d
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b
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ob
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p
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�
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b
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b
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=
n
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d
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+
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=
n
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E
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;
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ien
t
w
eigh
ted
m
ean
sq
u
are
electron
d
en
sity
an
d
,
corresp
on
d
in
gly
th
e

d
i�
eren
tial
em
ission
m
easu
re
in
T
e ,
�(T
e ),
as
th
e
recip
ro
cal
tem
p
eratu
re
grad
ien
t
w
eigh
ted

m
ean
sq
u
are
electron
d
en
sity.
T
h
ese
m
ore
in
tu
itive
fu
n
ction
s
(in
term
s
of
d
iagn
ostics
at
least)

are
ob
tain
ed
from
eq
u
ation
(2.67)
as
follow
s:

�
(n
e )
= Z

T
e
�
(n
e ;T
e )d
T
e

cm
�
2

(2.69)

�(T
e )
= Z

n
e
�
(n
e ;T
e )d
n
e

cm
�
5
K
�
1

(2.70)

T
h
u
s,
in
term
s
of
p
h
y
sical
in
terp
retation
of
a
set
of
freq
u
en
cy
in
tegrated
lin
e
in
ten
sities
I
l

alon
e,
th
e
d
i�
eren
tial
em
ission
m
easu
res
in
n
e
an
d
T
e
form
th
e
sp
ectroscop
ic
b
asis
for
fu
rth
er

in
terp
retation
of
th
e
raw
d
ata.

2
.2
.2

P
la
sm
a
d
ia
g
n
o
stics

In
th
e
p
rev
iou
s
section
w
e
saw
h
ow
to
classify
th
e
m
a
jority
of
sp
ectral
lin
es
ob
served
in
th
e

u
p
p
er
solar
atm
osp
h
ere.
In
th
is
section
w
e
p
resen
t
a
d
ou
b
le-ed
ged
d
escrip
tion
of
ob
tain
in
g

u
sefu
l
d
iagn
ostics
of
th
e
em
ittin
g
p
lasm
a;
ob
tain
in
g
electron
tem
p
eratu
res
an
d
d
en
sities.

T
h
e
�
rst
d
e�
n
ition
is
a
p
u
rely
h
eu
ristic,
giv
in
g
p
ictorial
ev
id
en
ce
to
su
ggest
th
at
sp
eci�
c

d
iagn
ostics
o
ccu
r
in
each
of
th
e
iso-electron
ic
seq
u
en
ces
m
en
tion
ed
ab
ove
w
h
ereas,
th
e
secon
d

is
a
m
u
ch
m
ore
m
ath
em
atical
d
escrip
tion
of
ob
tain
in
g
a
`go
o
d
'
d
iagn
ostic
an
d
w
ill
b
e
of

con
sid
erab
le
u
se
in
later
ch
ap
ters.

2
.2
.2
.1

E
le
c
tro
n
te
m
p
e
ra
tu
re
d
e
te
rm
in
a
tio
n

It
is
im
p
ortan
t
w
h
en
attem
p
tin
g
to
in
fer
th
e
electron
tem
p
eratu
re
(T
e )
to
rem
em
b
er
th
at

th
e
p
lasm
a
b
ein
g
ob
served
is
in
h
om
ogen
eou
s
an
d
n
on
-isoth
erm
al.
T
h
erefore,
as
is
su
ggested

b
y
th
e
in
tegral
ab
ove,
th
e
con
trib
u
tion
to
a
p
articu
lar
lin
e
in
ten
sity
com
es
form

a
w
id
e

ran
ge
of
d
en
sities
an
d
tem
p
eratu
res.
T
h
e
m
eth
o
d
d
escrib
ed
h
ere
w
ill
n
ot
d
irectly
allow
th
e

d
iagn
osis
of
th
e
tru
e
in
h
om
ogen
eity
of
th
e
p
lasm
a
p
resen
t,
say
in
a
solar

are
w
h
ere
it
is
very

p
ossib
le
th
at
m
ost,
if
n
ot
all,
ion
isation
stages
are
em
ittin
g
in
a
very
sm
all
volu
m
e
of
p
lasm
a.

H
ow
ever,
th
is
treatm
en
t
w
ill
allow
u
s
to
m
ake
an
q
u
an
titative
estim
ate
of
th
e
`m
ean
'
electron

tem
p
eratu
re
of
th
e
p
lasm
a.

S
everal
au
th
ors
(G
ab
riel
&

J
ord
an
1969;
M
u
n
ro
et
al.
1971;
G
ab
riel
&

J
ord
an
1971;

D
ere
&
M
ason
1981;
D
osch
ek
1987;
M
ason
&
M
on
sign
ori-F
ossi
1994)
h
ave
d
evelop
ed
an
d

b
een
actively
u
sin
g
a
tech
n
iq
u
e
in
volv
in
g
tw
o
op
tically
th
in
reson
an
ce
lin
es
w
ith
sign
i�
can
tly



2.
2.
A
T
O
M
IC
P
H
Y
S
IC
S

w
h
er
e
w
e
n
ot
e
th
at
A
ji
>
n
e
C
ji
an
d
n
i
=
n
io
n
.

It
is
st
an
d
ar
d
p
ra
ct
ic
e
to
d
e�
n
e
a
q
u
an
ti
ty
K
l(
n
e
(r
);
T
e
(r
))
ca
ll
ed
th
e
li
n
e
em
is
si
on
co
-

eÆ
ci
en
t,
or
em
is
si
v
it
y,
n
or
m
al
is
ed
to
th
e
el
ec
tr
on
d
en
si
ty
sq
u
ar
ed
of
th
e
tr
an
si
ti
on
.
T
h
is
is

gi
ve
n
b
y
(c
f.
eq
u
at
io
n
s
(2
.5
2)
an
d
(2
.5
3)
)

K
l(
n
e
;T
e
)
=

h
� j
iA
ji

4�

n
j

n
io
n
n
e

n
io
n

n
el

n
el

n
H

n
H n

e

er
g
cm

3
sr
�
1
s�

1

(2
.6
2)

su
ch
th
at
eq
u
at
io
n
(2
.5
2)
b
ec
om
es

P
l
=
4�

ZZ
Z V

K
l(
n
e
;T
e
)n

2 e
d
V

er
g
s�

1

(2
.6
3)

w
h
er
e
l
is
si
m
p
ly
a
la
b
el
re
p
la
ci
n
g
th
e
co
m
b
in
at
io
n
ji
.
T
h
e
im
p
or
ta
n
ce
of
K
l(
n
e
;T
e
)
w
il
l
b
e

se
en
b
el
ow
as
it
s
d
ep
en
d
en
ce
on
d
en
si
ty
an
d
te
m
p
er
at
u
re
w
il
l
h
el
p
y
ie
ld
d
ia
gn
os
ti
cs
of
th
e

em
it
ti
n
g
p
la
sm
a.
H
ow
ev
er
,
th
is
is
an
ap
p
ro
p
ri
at
e
ju
n
ct
u
re
to
ex
p
la
in
h
ow
em
is
si
on
li
n
es
ar
e

cl
as
si
�
ed
in
to
th
re
e
d
is
ti
n
ct
iv
e
gr
ou
p
s
ac
co
rd
in
g
to
h
ow
th
ei
r
u
p
p
er
le
ve
l
is
p
op
u
la
te
d
(s
ee
,

e.
g.
,
D
er
e
&
M
as
on
19
81
an
d
M
as
on
&
M
on
si
gn
or
i-
F
os
si
19
94
)
:

1.
A
ll
ow
ed
li
n
es
th
at
ar
e
co
ll
is
io
n
al
ly
ex
ci
te
d
ju
st
fr
om
th
e
gr
ou
n
d
le
ve
l
-
re
so
n
an
ce
li
n
es
-

w
h
os
e
li
n
e
em
is
si
on
co
eÆ
ci
en
ts
ar
e
p
ro
p
or
ti
on
al
to
n
2 e
(c
f.
eq
u
at
io
n
(2
.6
3)
),
w
it
h
f
(n
e
;T
e
)

of
eq
u
at
io
n
(2
.5
3)
es
se
n
ti
al
ly
in
d
ep
en
d
en
t
of
n
e
.

2.
F
or
b
id
d
en
or
in
te
rs
y
st
em
li
n
es
w
it
h
u
p
p
er
le
ve
ls
th
at
ar
e
m
et
as
ta
b
le
.
T
h
e
ra
d
ia
ti
ve
d
ec
ay

ra
te
s
of
th
es
e
li
n
es
ar
e
so
sm
al
l
th
at
th
e
el
ec
tr
on
co
ll
is
io
n
s
co
m
p
et
e
as
a
d
ep
op
u
la
ti
n
g

m
ec
h
an
is
m
.
T
h
e
p
op
u
la
ti
on
of
th
e
m
et
as
ta
b
le
le
ve
ls
fr
om
w
h
ic
h
th
es
e
li
n
es
or
ig
in
at
e
an
d

th
ei
r
in
te
n
si
ty
b
eh
av
io
u
r
fa
ll
in
to
th
re
e
st
ag
es
of
d
ev
el
op
m
en
t,
d
ep
en
d
in
g
on
th
e
el
ec
tr
on

d
en
si
ty
:

-
W
h
en
th
e
d
en
si
ty
is
lo
w
,
ra
d
ia
ti
ve
d
ec
ay
d
om
in
at
es
an
d
th
e
li
n
e
in
te
n
si
ty
h
as
a
si
m
il
ar

b
eh
av
io
u
r
to
th
at
of
an
al
lo
w
ed
re
so
n
an
ce
li
n
e
(i
.e
.
/
n
2 e
).

-
A
t
in
te
rm
ed
ia
te
d
en
si
ti
es
(n
e
�

A
j
i

C
j
i
;
th
e
c
ri
ti
ca
l
d
e
n
si
ty
)
th
e
tw
o
m
ec
h
an
is
m
s
ar
e
co
m
-

p
et
in
g
an
d
th
e
p
op
u
la
ti
on
of
th
e
m
et
as
ta
b
le
le
ve
l
b
ec
om
es
im
p
or
ta
n
t
an
d
th
e
li
n
e

in
te
n
si
ty
is
p
ro
p
or
ti
on
al
to
n
Æ e
,
w
h
er
e
(1
<
Æ
<
2)
.

-
F
or
h
ig
h
er
el
ec
tr
on
d
en
si
ti
es
th
e
co
ll
is
io
n
al
p
ro
ce
ss
d
om
in
at
es
an
d
th
e
m
et
as
ta
b
le
le
ve
l

at
ta
in
s
B
ol
tz
m
an
n
eq
u
il
ib
ri
u
m
an
d
th
e
in
te
n
si
ty
va
ri
es
as
n
e
.

T
h
es
e
ra
n
ge
s
of
el
ec
tr
on
d
en
si
ti
es
ar
e
d
ep
en
d
en
t
on
at
om
ic
p
ar
am
et
er
s
an
d
d
i�
er
fo
r

in
d
iv
id
u
al
io
n
s
an
d
tr
an
si
ti
on
s.

5.
3.
O
P
T
IM
IS
IN
G
T
H
E
�
(N
E
)
IN
V
E
R
S
E
P
R
O
B
L
E
M

F
ig
u
re
5.
13
:
T
h
e
re
gu
la
ri
se
d
in
ve
rs
io
n
(f
or
sm
o
ot
h
in
g
p
ar
am
et
er
s
(�
)
va
ry
in
g
fr
om

10
1
to

10
5
)
of
li
n
e
in
te
n
si
ti
es
ca
lc
u
la
te
d
fo
r
a
m
o
d
el
�
(n
e
)
fu
n
ct
io
n
(d
as
h
ed
li
n
e)
.
T
h
e
�
(n
e
)
fu
n
ct
io
n

re
co
ve
re
d
(s
ol
id
li
n
e)
is
cl
ea
rl
y
m
or
e
n
u
m
er
ic
al
ly
st
ab
le
th
an
th
at
fo
r
th
e
\a
ll
-l
in
es
"
ap
p
ro
ac
h

in
th
e
p
re
se
n
ce
of
er
ro
rs
in
th
e
li
n
e
in
te
n
si
ti
es
.
T
h
e
li
n
e
in
te
n
si
ti
es
u
se
d
in
th
es
e
in
ve
rs
io
n
s

h
av
e
n
or
m
al
ly
d
is
tr
ib
u
te
d
er
ro
rs
of
on
ly
5%
.



5.4.
D
IS
C
U
S
S
IO
N

on
th
e
error
estim
ate.
T
h
is
m
ean
s
th
at
th
e
ou
tlo
ok
is
b
leak
as
th
ese
in
ferred
solu
tion
s
are

p
ossib
ly
th
e
b
est
w
e
can
recover
from
th
is
d
ata.
T
h
ese
n
u
m
erical
p
rob
lem
s
still
o
ccu
r
even

w
h
en
u
sin
g
th
e
op
tim
al
set
of
lin
es.
H
en
ce
th
e
reason
w
h
y
m
an
y
d
en
sity
d
iagn
ostics
are

acq
u
ired
u
sin
g
th
e
lin
e-ratio
m
eth
o
d
m
en
tion
ed
in
C
h
ap
ters
2
an
d
4
an
d
n
ot
u
sin
g
�
(n
e ).

5
.4

D
iscu
ssio
n

F
or
th
e
trials
sh
ow
n
w
e
h
ave
estab
lish
ed
th
at,
for
th
e
set
of
em
ission
lin
es
in
th
e
S
O
H
O

C
D
S
/S
U
M
E
R
w
avelen
gth
ran
ge,
th
ere
are
su
b
sets
w
h
ich
m
in
im
ised
th
e
con
d
ition
in
g
p
rob
-

lem
s
asso
ciated
w
ith
th
e
in
feren
ce
of
p
lasm
a
ch
aracteristic
d
istrib
u
tion
s
�(T
e )
an
d
�
(n
e ).

A
lso,
th
ese
su
b
sets
of
em
ission
lin
es
w
h
ich
,
w
h
en
u
sed
to
in
fer
th
e
em
ittin
g
p
lasm
a
stru
ctu
re

w
ill
y
ield
resu
lts
of
a
less
am
b
igu
ou
s
n
atu
re.

2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

F
igu
re
2.6:
S
ch
em
atic
atom
ic
ion
con
tain
in
g
ju
st
th
ree
b
ou
n
d
levels.
In
th
is
m
o
d
el,
as

in
d
icated
ab
ove,
on
ly
sp
on
tan
eou
s
rad
iative
d
ecay
s
an
d
collision
s
of
th
e
atom
w
ith
electron
s

are
con
sid
ered
.



2.
2.
A
T
O
M
IC
P
H
Y
S
IC
S

5.
In
cl
u
d
in
g
se
lf
-i
n
d
u
ce
d
ra
d
ia
ti
on
(p
oi
n
t
1)
,
p
h
ot
o-
ex
ci
ta
ti
on
an
d
d
e-
ex
ci
ta
ti
on
e�
ec
ts
ca
n

b
e
n
eg
le
ct
ed
.

S
o,
ta
k
in
g
al
l
of
th
es
e
co
m
p
on
en
ts
to
ge
th
er
w
e
ca
n
p
er
fo
rm
an
an
al
y
si
s
of
th
e
so
la
r
p
la
sm
a

si
m
il
ar
to
th
at
of
P
ot
ta
sc
h
(1
96
4)
.

2
.2
.0
.1

F
e
a
tu
re
s
in
a
to
m
ic
sp
e
c
tr
a

S
p
ec
tr
os
co
p
ic
st
u
d
ie
s
of
th
e
li
gh
t
em
it
te
d
or
ab
so
rb
ed
b
y
at
om
s
an
d
io
n
s
fr
om

th
e
ea
rl
y

n
in
et
ee
n
th
ce
n
tu
ry
sh
ow
ed
th
at
ea
ch
at
om
9
em
it
s
a
ch
ar
ac
te
ri
st
ic
sp
ec
tr
u
m
.
In
d
ee
d
,
it
w
as

so
on
n
ot
ic
ed
th
at
th
e
sp
ec
tr
u
m
it
se
lf
w
as
in
d
ic
at
iv
e
of
th
e
el
ec
tr
on
st
ru
ct
u
re
of
th
e
at
om
.
T
h
is

ev
en
tu
al
ly
le
d
to
a
b
et
te
r
u
n
d
er
st
an
d
in
g
of
th
e
p
er
io
d
ic
ta
b
le
th
ro
u
gh
th
e
X
-R
ay
sp
ec
tr
os
co
p
y

of
M
os
el
ey
(1
91
3)
.
T
h
e
p
u
rp
os
e
of
th
is
sh
or
t
se
ct
io
n
is
to
in
tr
o
d
u
ce
so
m
e
sp
ec
tr
os
co
p
ic

te
rm
in
ol
og
y.

T
h
e
sp
ec
tr
u
m

em
it
te
d
b
y
n
eu
tr
al
at
om
s
of
a
gi
ve
n
el
em
en
t,
sa
y
X
,
is
ca
ll
ed
th
e
�
rs
t

sp
ec
tr
u
m

of
X
an
d
is
d
en
ot
ed
b
y
X
I;
th
e
sp
ec
tr
u
m

em
it
te
d
b
y
th
e
si
n
gl
y
io
n
is
ed
X
(i
.e
.

X
1+
)
is
ca
ll
ed
th
e
se
co
n
d
sp
ec
tr
u
m
an
d
is
d
en
ot
ed
b
y
X
II
;
an
d
so
on
.
It
is
th
en
ob
v
io
u
s
th
at

th
e
n
u
m
b
er
of
li
n
e
sp
ec
tr
a
th
at
an
at
om
is
ca
p
ab
le
of
p
ro
d
u
ci
n
g
is
eq
u
al
to
it
s
at
om
ic
n
u
m
b
er
,

Z
.
T
h
is
m
ea
n
s
th
at
w
e
ca
n
ob
se
rv
e
sp
ec
tr
a
of
H
I,
H
e
I,
H
e
II
,
L
i
I,
L
i
II
,
L
i
II
I,
et
c.
In
d
ee
d
,

em
is
si
on
li
n
es
fr
om
F
e
X
X
V
I
(h
y
d
ro
g
e
n
-l
ik
e
ir
o
n
)
h
av
e
b
ee
n
ob
se
rv
ed
in
so
la
r

ar
e
sp
ec
tr
a,

se
e
N
eu
p
er
t
et
al
.
(1
96
2)
,
fo
r
ex
am
p
le
.
S
im
il
ar
ly
,
w
e
w
ou
ld
ex
p
ec
t
th
at
io
n
s
w
it
h
th
e
sa
m
e

ou
te
r
el
ec
tr
on
co
n
�
gu
ra
ti
on
s
h
av
e
si
m
il
a
r
sp
ec
tr
a;
th
es
e
ar
e
ca
ll
ed
is
oe
le
c
tr
o
n
ic
se
q
u
e
n
ce
s

an
d
ar
e
u
su
al
ly
n
am
ed
ac
co
rd
in
g
to
th
e
�
rs
t
n
eu
tr
al
m
em
b
er
(e
.g
.,
th
e
li
th
iu
m
is
o
el
ec
tr
on
ic

se
q
u
en
ce
is
L
i
I,
B
e
II
,
B
II
I,
C
IV
,
N
V
,
O
V
I,
et
c)
.
K
n
ow
le
d
ge
of
su
ch
se
q
u
en
ce
s
al
lo
w
u
s

to
as
so
ci
at
e
p
la
sm
a
d
ia
gn
os
ti
cs
to
p
ar
ti
cu
la
r
tr
an
si
ti
on
s
of
th
e
e
n
ti
re
is
o
el
ec
tr
on
ic
se
q
u
en
ce

an
d
is
of
p
ar
ti
cu
la
r
u
se
fo
r
p
ro
b
in
g
th
e
so
la
r
p
la
sm
a
b
ec
au
se
of
th
e
d
ep
en
d
en
ce
of
io
n
is
at
io
n

on
te
m
p
er
at
u
re
(i
.e
.
T
e
�
z
2
10
4
K
w
h
er
e
z
is
th
e
io
n
is
at
io
n
st
ag
e,
z
=
1
fo
r
a
n
eu
tr
al
at
om
)

as
w
e
w
il
l
se
e
in
la
te
r
ch
ap
te
rs
.

2
.2
.1

U
V
/
E
U
V
sp
e
ct
ra
l
li
n
e
fo
rm
a
ti
o
n

W
it
h
th
e
as
su
m
p
ti
on
s
li
st
ed
ab
ov
e,
th
e
to
ta
l
p
ow
er
P
l
ra
d
ia
te
d
in
a
p
ar
ti
cu
la
r
sp
ec
tr
al
li
n
e

la
b
el
le
d
l,
i.
e.
th
e
at
om
ic
tr
an
si
ti
on
fr
om
le
ve
l
j
to
le
ve
l
i
w
it
h
re
sp
ec
ti
ve
en
er
gi
es
E
j
an
d
E
i,

9
T
h
e
u
n
q
u
a
li
�
ed
te
rm

\
a
to
m
"
w
il
l
g
en
er
a
ll
y
b
e
u
se
d
to
m
ea
n
ei
th
er
a
n
eu
tr
a
l
a
to
m

(a
n
u
cl
eu
s
o
f
ch
a
rg
e

Z
e
+
su
rr
o
u
n
d
ed
b
y
N

el
ec
tr
o
n
s,
w
it
h
N

eq
u
a
l
to
Z
)
o
r
a
p
o
si
ti
v
el
y
ch
a
rg
ed
io
n
(N
<
Z
).

S
ec
ti
on
4.
1
en
d
ea
vo
u
rs
to
b
re
ak
d
ow
n
th
e
co
n
ce
p
tu
al
w
al
ls
th
at
h
av
e
d
ev
el
op
ed
si
n
ce
th
e

d
aw
n
of
sp
ac
e
b
or
n
e
U
V
/E
U
V
sp
ec
tr
os
co
p
y
in
th
e
ea
rl
y
19
60
s.
H
er
e
w
e
m
ak
e
cl
ea
r
re
fe
re
n
ce

to
th
e
tw
o
sc
h
o
ol
s
of
th
ou
gh
t
th
at
p
re
se
n
tl
y
ex
is
t
th
at
ar
e
v
y
in
g
fo
r
`c
on
tr
ol
'
of
th
is
p
ar
ti
cu
la
r

av
en
u
e
of
so
la
r
p
h
y
si
cs
;
ea
ch
p
ro
fe
ss
in
g
th
e
co
rr
ec
tn
es
s
of
th
ei
r
ap
p
ro
ac
h
.

T
h
e
ea
rl
ie
st
(e
�
ec
ti
ve
ly
ze
ro
th
or
d
er
)
`l
in
e
ra
ti
o'
ap
p
ro
ac
h
ac
tu
al
ly
h
ar
k
s
b
ac
k
to
th
e
w
or
k

on
p
la
n
et
ar
y
n
eb
u
la
e
b
y
M
en
ze
l
et
al
.
(1
94
1)
.
It
u
se
s
a
ze
ro
th
or
d
er
ap
p
ro
ac
h
to
ob
ta
in
`m
ea
n
'

va
lu
es
of
th
e
ob
se
rv
at
io
n
al
sp
ec
tr
os
co
p
ic
q
u
an
ti
ti
es
n
e
an
d
T
e
.
T
h
es
e
es
ti
m
at
io
n
m
et
h
o
d
s

h
av
e
b
ee
n
sh
ow
n
to
b
e
h
ig
h
ly
am
b
ig
u
ou
s
(?
?
)
b
ec
au
se
th
ey
as
su
m
e
th
at
th
e
em
it
ti
n
g
p
la
sm
a

vo
lu
m
e
(s
ol
id
an
gl
e)
su
b
te
n
d
ed
b
y
th
e
sp
ec
tr
om
et
er
sl
it
is
is
ot
h
er
m
al
,
or
h
om
og
en
eo
u
s
in
n
e
,

or
b
ot
h
.
T
h
is
is
cl
ea
rl
y
n
ot
a
va
li
d
as
su
m
p
ti
on
as
ca
n
b
e
se
en
b
y
lo
ok
in
g
at
an
y
im
ag
e
of

th
e
S
u
n
's
at
m
os
p
h
er
e.
It
d
o
es
h
ow
ev
er
al
lo
w
or
d
er
of
m
ag
n
it
u
d
e
es
ti
m
at
es
of
n
e
an
d
T
e
to

b
e
m
ad
e
w
it
h
in
th
e
d
eg
re
e
of
u
n
ce
rt
ai
n
ty
in
th
e
m
ea
su
re
m
en
t
an
d
w
it
h
in
th
e
q
u
al
it
y
of
th
e

th
eo
re
ti
ca
l
at
om
ic
co
eÆ
ci
en
ts
u
se
d
.
A
lt
h
ou
gh
,
as
n
ot
ed
in
C
h
ap
te
r
4,
th
e
ad
d
it
io
n
to
th
e

an
al
y
si
s
of
m
or
e
li
n
e
ra
ti
os
ca
n
es
ta
b
li
sh
li
m
it
in
g
va
lu
es
fo
r
n
e
an
d
T
e
of
th
e
em
it
ti
n
g
vo
lu
m
e

(?
?
). T

h
e
�
rs
t
or
d
er
ap
p
ro
ac
h
,
to
ob
ta
in
d
is
tr
ib
u
ti
on
s
of
th
es
e
te
m
p
er
at
u
re
s
an
d
d
en
si
ti
es
in
th
e

em
it
ti
n
g
vo
lu
m
e,
w
as
�
rs
t
ex
p
re
ss
ed
b
y
P
ot
ta
sc
h
(1
96
4)
b
u
t
ge
n
er
al
is
ed
b
y
C
ra
ig
&
B
ro
w
n

(1
97
6)
to
ac
co
u
n
t
fo
r
th
e
m
u
lt
ip
le
re
gi
on
s
of
d
i�
er
in
g
te
m
p
er
at
u
re
(a
n
d
d
en
si
ty
)
al
on
g
th
e
li
n
e

of
si
gh
t
in
th
e
em
it
ti
n
g
vo
lu
m
e.
T
h
is
se
co
n
d
,
d
i�
er
en
ti
al
em
is
si
on
m
ea
su
re
(D
E
M
),
ap
p
ro
ac
h

h
as
b
ee
n
w
el
l
d
o
cu
m
en
te
d
as
a
m
or
e
ri
go
ro
u
s,
in
a
m
at
h
em
at
ic
al
se
n
se
,
m
et
h
o
d
of
ob
ta
in
in
g

su
ch
ch
ar
ac
te
ri
st
ic
d
is
tr
ib
u
ti
on
s.
T
h
e
id
en
ti
�
ca
ti
on
of
th
e
D
E
M

ap
p
ro
ac
h
as
re
q
u
ir
in
g
th
e

so
lu
ti
on
of
a
F
re
d
h
ol
m

in
te
gr
al
eq
u
at
io
n
fo
r
th
e
re
la
ti
on
go
ve
rn
in
g
th
e
fo
rm
at
io
n
of
n
oi
sy

em
is
si
on
li
n
e
in
te
n
si
ty
d
at
a
(C
ra
ig
&
B
ro
w
n
19
76
)
w
as
m
ad
e
fo
ll
ow
in
g
th
e
w
or
k
of
J
e�
er
ie
s

et
al
.
(1
97
2a
,
b
).
R
ec
en
tl
y
h
ow
ev
er
,
J
u
d
ge
et
al
.
(1
99
7)
st
at
ed
th
at
th
is
`i
n
ve
rs
e'
D
E
M

m
et
h
o
d
is
al
so
fr
au
gh
t
w
it
h
in
st
ab
il
it
y
ca
u
se
d
b
y
u
n
ce
rt
ai
n
ti
es
in
th
e
at
om
ic
p
ar
am
et
er
s

re
q
u
ir
ed
fo
r
th
e
ca
lc
u
la
ti
on
an
d
n
ot
ju
st
th
e
n
u
m
er
ic
al
d
iÆ
cu
lt
ie
s
in
vo
lv
ed
in
p
er
fo
rm
in
g

th
e
in
ve
rs
io
n
it
se
lf
(C
ra
ig
&
B
ro
w
n
19
86
)
fo
r
ra
n
d
om
d
at
a
n
oi
se
.
W
e
h
av
e
ad
d
re
ss
ed
b
ot
h

of
th
es
e
ap
p
ro
ac
h
es
,
as
p
ec
ts
of
er
ro
r
so
u
rc
es
an
d
al
so
w
e
h
av
e
b
ee
n
ab
le
to
p
ro
d
u
ce
d
ir
ec
t

re
la
ti
on
sh
ip
s
b
et
w
ee
n
a
se
t
of
m
ea
n
sp
ec
tr
os
co
p
ic
q
u
an
ti
ti
es
an
d
th
e
co
rr
es
p
on
d
in
g
D
E
M
s
of

te
m
p
er
at
u
re
(�
(T
e
);
S
ec
ti
on
4.
1.
1)
,
d
en
si
ty
(�
(n
e
);
S
ec
ti
on
4.
1.
2)
an
d
th
e
ge
n
er
al
is
ed
fo
rm
of

th
e
b
iv
ar
ia
te
D
E
M

(�
(n
e
;T
e
);
S
ec
ti
on
4.
1.
3)
fo
r
si
tu
at
io
n
s
in
w
h
ic
h
al
l
th
es
e
q
u
an
ti
ti
es
ar
e

m
ea
n
in
gf
u
ll
y
d
e�
n
ed
.
T
h
es
e
re
la
ti
on
s
sh
ow
th
at
th
e
ro
ad
li
n
k
in
g
th
e
tw
o
sc
h
o
ol
s
of
th
ou
gh
t

is
n
ot
as
ar
d
u
ou
s
as
m
ay
b
e
in
fe
rr
ed
fr
om
th
e
cu
rr
en
t
li
te
ra
tu
re
.
In
d
ee
d
,
w
e
h
av
e
sh
ow
n
th
at



th
e
m
eth
o
d
s
are
p
recisely
eq
u
ivalen
t.

It
w
as
so
on
clear
th
at
th
e
m
ain
b
en
e�
ts
of
th
e
lin
e
ratio
like
ap
p
roach
cou
p
led
w
ith

th
e
fu
ll
m
ath
em
atical
rigou
r
of
solv
in
g
th
e
F
red
h
olm
in
tegral
eq
u
ation
w
ou
ld
give
a
m
ean
s

of
avoid
in
g
th
e
sy
stem
atic
errors
in
th
e
atom
ic
calcu
lation
s
d
etailed
in
S
ection
2.2.3
an
d

ob
tain
in
g
m
ean
in
gfu
l
ch
aracteristic
d
istrib
u
tion
s.
T
h
is
alon
e
is
a
great
ad
van
ce
sin
ce
th
e

e�
ect
of
th
e
lin
e
ratio
m
eth
o
d
on
th
ese
irregu
larities
circu
m
ven
ts
th
e
in
stab
ility
im
p
osed
on

th
e
in
ferred
solu
tion
of
th
e
d
irect
in
tegral
in
version
(J
u
d
ge
et
al.
1997).
S
ection
4.2
sees
th
e

in
tro
d
u
ction
of
th
e
R
atio
In
version
T
ech
n
iq
u
e
(R
IT
)
an
d
in
S
ection
4.2.2
w
e
h
ave
d
iscu
ssed
,

in
d
etail,
h
ow
th
is
G
A
b
ased
rou
tin
e
solves
th
e
h
igh
ly
n
on
-lin
ear
op
tim
isation
p
rob
lem

�
2
=
X
2(R

o
bs ;R
ca
lc )
+
�
�
(f
(s
e ))

w
ith
resp
ect
to
a
\sm
o
oth
"
solu
tion
f
(s
e )
(o
ccu
rrin
g
in
th
e
calcu
lation
for
R
ca
lc ,
th
e
lin
e

ratios
gen
erated
to
m
atch
th
e
ob
served
ratios
R
o
bs ).
W
e
h
ave
sh
ow
n
in
th
e
section
s
follow
in
g

S
ection
4.2.2
th
at
th
e
R
IT
p
rov
id
es
a
solu
tion
of
u
n
p
reced
en
ted
stab
ility
in
th
e
recovery

of
th
e
u
n
ivariate
p
lasm
a
D
E
M

fu
n
ction
s
�(T
e )
an
d
�
(n
e )
com
p
ared
to
a
stan
d
ard
in
version

algorith
m
(cf.
th
e
G
U
IP
S
rou
tin
es
of
S
ection
2.1).
T
h
e
valu
e
of
th
is
resu
lt
is
m
ost
stron
gly

em
p
h
asised
w
h
en
con
sid
erin
g
th
e
realistic
estim
ates
of
u
n
certain
ties
in
th
e
lin
e
em
issiv
ities

as
large
as
(�
100%
).
It
is
clear
th
en
th
at
if
th
e
solu
tion
is
stab
le
to
errors
in
th
e
atom
ic

calcu
lation
s
u
sed
,
as
w
ell
as
b
ein
g
n
u
m
erically
stab
le,
th
at
w
e
can
p
lace
greater
store
in
th
e

resu
ltin
g
an
aly
sis
of
th
ose
D
E
M
fu
n
ction
s
to
form
atm
osp
h
eric
m
o
d
els
an
d
th
e
like
from
th
e

U
V
/E
U
V
lin
e
sp
ectra.

It
is
all
w
ell
an
d
go
o
d
to
test
th
e
R
IT
in
th
e
id
eal
con
d
ition
s
d
escrib
ed
in
C
h
ap
ter
4.

H
ow
ever,
S
ection
4.4
p
laces
a
n
ew
ob
stacle
to
test
th
e
`in
itiative'
of
th
e
R
IT
.
H
ere
w
e
p
resen
t

resu
lts
of
th
e
R
IT
op
eratin
g
on
sp
ectra
ob
tain
ed
b
y
th
e
S
E
R
T
S
-89
ro
cket.
T
h
e
w
avelen
gth

coverage
of
th
e
S
E
R
T
S
sp
ectra
is
170
�
450
�A
an
d
th
is
p
articu
lar
active
region
sp
ectru
m

h
as
b
een
stu
d
ied
in
d
etail
b
y
T
h
om
as
&
N
eu
p
ert
(1994)
an
d
m
ore
recen
tly
b
y
L
an
zafam
e

et
al.
(1998).
W
e
d
em
on
strated
th
at
th
e
R
IT
u
n
covers
featu
res
in
th
e
variou
s
�(T
e )
fu
n
ction
s

n
ot
ob
served
in
th
ese
p
rev
iou
s
stu
d
ies
an
d
th
at
ou
r
p
rop
osed
m
eth
o
d
s
of
scalin
g,
sm
o
oth
in
g

an
d
ch
oice
of
th
e
op
tim
al
sm
o
oth
in
g
p
aram
eter
are
accu
rate.
T
h
ese
resu
lts
h
igh
ligh
t
th
e

b
asic
in
h
eren
t
p
rob
lem
m
en
tion
ed
ab
ove,
th
e
n
eed
for
a
u
n
iform
ap
p
roach
(sam
e
d
ata
-
sam
e

D
E
M
)
to
th
ese
in
verse
p
rob
lem
s
like
th
at
d
iscu
ssed
in
H
arrison
&
T
h
om
p
son
(1991).
A
lso

h
igh
ligh
ted
is
th
e
b
asic
ill-p
osed
n
ess
of
th
e
D
E
M
in
verse
p
rob
lem
s:
m
an
y
form
s
of
solu
tion
�
t

th
e
d
ata
an
d
w
e
m
u
st
ack
n
ow
led
ge
n
ow
th
at
w
e
ca
n
n
o
t
d
iscou
n
t
an
y.
In
d
eed
,
it
m
ay
w
ell
b
e

2.2.
A
T
O
M
IC
P
H
Y
S
IC
S

2
.2

A
to
m
ic
P
h
y
sics

T
h
e
p
rin
cip
le
aim
of
solar
sp
ectroscop
y
is
to
d
eterm
in
e
th
e
ch
aracteristics
of,
an
d
con
d
ition
s

w
ith
in
,
th
e
em
ittin
g
p
lasm
a
volu
m
e.
H
ow
ever
to
u
n
d
erstan
d
th
e
m
om
en
tu
m

an
d
en
ergy

b
alan
ce
of
th
e
p
lasm
a
w
e
m
u
st
d
eterm
in
e
th
e
p
h
y
sical
p
rop
erties
of
th
e
p
lasm
a
from
th
e
d
ata

(e.g.
th
e
ch
em
ical
ab
u
n
d
an
ce
of
th
e
elem
en
ts,
th
e
d
en
sity,
tem
p
eratu
re,
velo
cities
an
d
size
of

th
e
em
ittin
g
featu
res).
T
h
is
req
u
ires
ad
eq
u
ate
k
n
ow
led
ge
of
th
e
sp
ectral
form
ation
p
ro
cess

(i.e.
w
e
n
eed
a
m
o
d
el
to
calcu
late
th
e
kern
els
d
iscu
ssed
ab
ove).
It
is
th
erefore
n
ecessary
to

com
b
in
e
th
e
resu
lts
of
atom
ic
p
h
y
sics
w
ith
th
e
stu
d
y
of
an
alogou
s
sp
ectra
in
th
e
lab
oratory

(w
h
ere
w
e
h
ave
`fu
ll'
con
trol
over
th
e
likely
p
h
y
sical
con
d
ition
s)
an
d
th
en
d
raw
an
alogy
to

th
e
p
h
y
sical
con
d
ition
s
of
th
e
solar
atm
osp
h
ere
th
rou
gh
th
e
k
n
ow
led
ge
acq
u
ired
.

T
h
is
section
w
ill
ex
p
lain
th
e
p
rin
cip
le
of
sp
ectral
lin
e
form
ation
in
th
e
d
istin
ctive
region
s

of
th
e
solar
atm
osp
h
ere
d
iscu
ssed
p
rev
iou
sly
in
a
h
eu
ristic
8
m
an
n
er.
In
d
eed
su
ch
region
s,

p
articu
larly
in
th
e
u
p
p
er
atm
osp
h
ere
(ab
ove
th
e
p
h
otosp
h
ere),
d
ep
art
sign
i�
can
tly
from
lo-

cal
th
erm
al
eq
u
ilib
riu
m
(L
T
E
)
an
d
are
k
n
ow
n
th
erefore
as
n
on
-L
T
E
p
lasm
as.
T
h
e
`coron
al'

regim
e
in
w
h
ich
w
e
w
ill
w
ork
sp
eci�
es
th
at
w
e
w
ill
con
sid
er
electron
s
as
th
e
on
ly
p
articles

cap
ab
le
of
collision
ally
ex
citin
g
atom
s
to
em
it
rad
iation
.
S
u
ch
collision
s
are
th
e
d
om
in
an
t
p
ro-

cesses
for
p
op
u
latin
g
th
e
atom
ic
levels
for
a
llo
w
ed
(electric
d
ip
ole),
in
te
rsy
ste
m
an
d
fo
rb
id
d
e
n

tran
sition
s
to
b
e
d
e�
n
ed
in
d
u
e
cou
rse.

B
efore
w
e
con
sid
er
th
e
form
ation
of
U
ltrav
iolet
(U
V
),
ex
trem
e-U
V
(E
U
V
)
em
ission
sp
ec-

tra
an
d
ob
tain
in
g
p
lasm
a
d
iagn
ostics
of
th
e
u
p
p
er
solar
atm
osp
h
ere
w
e
h
ave
to
m
ake
ou
r

assu
m
p
tion
s
ab
ou
t
th
e
solar
p
lasm
a
clear
to
avoid
am
b
igu
ity.
T
h
e
m
o
d
el
of
th
e
u
p
p
er
solar

atm
osp
h
ere
u
sed
th
rou
gh
ou
t
th
is
th
esis
(cf.
th
e
tem
p
eratu
re,
d
en
sity
an
d
p
ressu
re
m
o
d
els

p
resen
ted
of
th
e
p
rev
iou
s
ch
ap
ter)
is
p
rin
cip
ally
to
m
ake
th
e
calcu
lation
of
atom
ic
factors
as

sim
p
le
as
p
ossib
le.
T
h
erefore
w
e
req
u
ire
th
at
:

1.
T
h
e
p
lasm
a
is
o
p
tica
lly
th
in
.

2.
A
tom
ic
h
y
d
rogen
,
th
e
m
a
jor
con
stitu
en
t,
m
u
st
b
e
fu
lly
ion
ised
.

3.
T
h
e
electron
d
istrib
u
tion
is
M
ax
w
ellian
in
n
atu
re.

4.
T
h
e
ab
u
n
d
an
ces
of
th
e
elem
en
ts
in
th
e
gas
are
con
stan
t.

8H
eu
ristic
in
th
e
sen
se
th
a
t
w
e
w
ill
n
o
t
w
o
rry
a
b
o
u
t
th
e
p
h
y
sica
l
p
ro
cesses
b
eh
in
d
th
e
ra
te
co
eÆ
cien
ts
in

th
e
a
to
m
ic
ra
te
eq
u
a
tio
n
s
fo
r
th
e
tim
e
b
ein
g
,
b
u
t
w
ill
leav
e
th
a
t
fo
r
la
ter
d
iscu
ssio
n
,
see
C
h
a
p
ter
6
.



2.
1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

2
.1
.4

A
fu
ll
y
w
o
rk
e
d
e
x
a
m
p
le

A
s
an
ai
d
in
th
e
u
n
d
er
st
an
d
in
g
of
th
e
d
is
cu
ss
io
n
ab
ov
e,
w
e
w
il
l
d
is
cu
ss
th
e
so
lu
ti
on
of
a

sp
ec
i�
c
in
ve
rs
e
p
ro
b
le
m
.
A
s
an
id
ea
l
te
st
w
e
w
il
l
co
n
si
d
er
th
e
so
lu
ti
on
of
th
e
F
re
d
h
ol
m

eq
u
at
io
n
p
re
se
n
te
d
in
R
u
st
&
B
u
rr
u
s
(1
97
2)
(�
rs
t
d
is
cu
ss
ed
b
y
P
h
il
li
p
s
19
62
),
th
e
re
as
on

b
ei
n
g
th
at
th
is
is
am
en
ab
le
to
an
a
n
a
ly
ti
ca
l
so
lu
ti
on
.

T
h
e
in
ve
rs
e
p
ro
b
le
m
,
st
at
ed
sp
ec
i�
ca
ll
y
is
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d
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at �
K
T
K �
�
1

ex
ists.
T
h
e
fact
th
at
w
e
m
u
st
sm
o
oth
^f
arises
b
ecau
se,
in
th
e

p
ro
cess
of
in
vertin
g
th
e
m
atrix
K
T

K
,
sm
all
eigen
valu
es
(sin
gu
lar
valu
es)
can
cau
se
sm
all

variation
s
in
th
e
d
ata
set
to
b
e
m
agn
i�
ed
d
ram
atically
in
th
e
recovered
solu
tion
,
lead
in
g
to

th
e
h
igh
ly
u
n
stab
le
an
d
u
n
p
h
y
sical
solu
tion
s.

R
egu
larisation
req
u
ires
th
at
th
e
a
p
rio
ri
in
form
ation
u
sed
to
com
p
lete
th
e
d
e�
n
ition
of

th
e
in
verse
p
rob
lem
is
a
sm
o
oth
n
ess
con
d
ition
on
th
e
sou
rce
fu
n
ction
.
S
o
from
th
e
statem
en
t

of
eq
u
ation
(2.29)
ab
ove,
w
e
ob
tain
a
sm
oo
th
solu
tion
b
y
b
ou
n
d
in
g
an
ap
p
rop
riate
lin
ea
r

fu
n
ction
al,
say
H
^f,
su
b
ject
to
th
e
classical
con
strain
t
th
at
kK
^f
�
g
k
is
m
in
im
ised
.
S
o
w
e
are

red
u
ced
to
solv
in
g,
again
u
sin
g
th
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=
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+
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=
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itio
n
n
u
m
be
r
of
th
e
kern
el
m
atrix
,
C
K
,
(1
<
C
K

<
1
)
w
h
ich
can
b
e

ex
p
ressed
as
C
K

=
kK
k
2
kK
�
1k

2
=
�
m
a
x

�
m
in

.
T
h
e
secon
d
eq
u
ality
arises
sin
ce
th
e
sin
gu
lar
valu
es

of
K
�
1
are
ju
st
th
e
recip
ro
cal
sin
gu
lar
valu
es
of
K
,
an
d
sh
ow
s
th
at
th
e
sp
read
of
th
e
sin
gu
lar

valu
es
of
K

can
d
isclose
m
an
y
h
id
d
en
n
u
m
erical
p
rob
lem
s,
again
see
C
h
ap
ter
5.
S
in
ce
th
e

con
d
ition
n
u
m
b
er
con
trols
th
e
stab
ility
of
th
e
solu
tion
,
con
sid
er
th
e
case
w
h
en
kÆg
k
=
2%



2.
1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

2
.1
.2

T
h
e
il
l-
p
o
se
d
in
v
e
rs
e
p
ro
b
le
m

B
y
fa
r
th
e
b
ig
ge
st
so
u
rc
e
of
an
x
ie
ty
w
h
en
at
te
m
p
ti
n
g
to
�
n
d
th
e
so
lu
ti
on
of
an
in
ve
rs
e

p
ro
b
le
m
is
of
a
p
h
il
os
op
h
ic
al
n
at
u
re
.
C
on
si
d
er
th
e
sc
ie
n
ti
st
w
h
o,
on
te
st
in
g
a
n
ew
h
y
p
ot
h
es
is
,

ca
lc
u
la
te
s
(u
si
n
g
th
e
n
ew
th
eo
re
ti
ca
l
m
o
d
el
)
a
se
t
of
sy
n
th
et
ic
`o
b
se
rv
ed
'
q
u
an
ti
ti
es
.
F
ro
m

th
es
e
th
e
sc
ie
n
ti
st
s
h
op
es
to
re
co
n
st
ru
ct
th
e
ge
n
er
at
in
g
so
u
rc
e
fu
n
ct
io
n
p
re
ci
se
ly
.
T
h
e
sc
ie
n
ti
st

ty
p
ic
al
ly
d
is
co
ve
rs
th
at
fr
om

h
is
o
n
e
d
at
a
se
t
m
an
y
(s
om
e
p
h
y
si
ca
ll
y
u
n
su
it
ab
le
)
so
u
rc
e

fu
n
ct
io
n
s
m
ay
ap
p
ro
p
ri
at
el
y
\�
t
th
e
b
il
l"
(s
ee
,
e.
g.
,
�
gu
re
2.
1)
.
S
u
ch
fa
il
u
re
is
co
m
m
on
an
d

se
em
in
gl
y
u
n
n
ot
ic
ed
in
m
an
y
ar
ea
s
of
th
e
p
h
y
si
ca
l
sc
ie
n
ce
s,
b
u
t
is
of
te
n
ea
si
ly
cu
re
d
b
y
p
ro
p
er

co
n
si
d
er
at
io
n
of
th
e
so
lu
ti
on
sp
ac
e
an
d
p
ri
or
re
st
ri
ct
io
n
s
on
th
e
p
ro
p
er
ti
es
on
th
e
so
lu
ti
on
.

H
er
e
ar
e
ju
st
th
re
e
of
th
e
th
in
gs
to
b
e
co
n
si
d
er
ed
w
h
en
so
lv
in
g
an
in
ve
rs
e
p
ro
b
le
m
of
a
n
y

k
in
d
:

1.
T
h
e
il
l-
p
os
ed
n
es
s
of
th
e
in
te
gr
al
eq
u
at
io
n
it
se
lf
,
i.
e.
th
e
n
on
-u
n
iq
u
en
es
s
of
th
e
re
co
ve
re
d

so
lu
ti
on
.
T
h
is
d
ep
en
d
s
cr
it
ic
al
ly
on
th
e
in
te
gr
al
op
er
at
or
(k
er
n
el
)
of
th
e
p
ro
b
le
m
.

2.
T
h
e
am
ou
n
t
b
y
w
h
ic
h
er
ro
rs
in
th
e
d
at
a
or
ob
se
rv
ed
q
u
an
ti
ti
es
b
ec
om
e
am
p
li
�
ed
in
th
e

re
co
ve
re
d
so
lu
ti
on
is
d
u
e
to
th
e
co
n
d
it
io
n
in
g
of
th
e
ke
rn
el
m
at
ri
x
.
A
ve
ry
p
o
or
ly
co
n
d
i-

ti
on
ed
ke
rn
el
ca
n
le
ad
to
in
cr
ed
ib
ly
u
n
p
h
y
si
ca
l
so
lu
ti
on
s
an
d
al
so
to
a
m
u
lt
ip
li
ca
ti
on
of

p
h
y
si
ca
l
on
es
-
al
l
ar
e
`a
cc
ep
ta
b
le
'
in
th
e
se
n
se
of
�
tt
in
g
n
oi
sy
d
at
a.

3.
In
d
ee
d
,
th
e
so
lu
ti
on
m
ay
,
fo
r
n
oi
sy
d
at
a,
li
e
in
an
u
n
d
es
ir
ab
le
su
b
-s
p
ac
e
of
th
e
so
lu
ti
on

sp
ac
e,
e.
g.
th
e
re
co
ve
re
d
so
lu
ti
on
is
n
eg
at
iv
e
at
so
m
e
p
oi
n
t
ye
t
w
e
u
se
d
a
st
ri
ct
ly
p
os
it
iv
e

so
u
rc
e
m
o
d
el
to
co
n
st
ru
ct
th
e
te
st
d
at
a.
H
en
ce
,
it
is
u
su
al
ly
es
se
n
ti
al
to
im
p
os
e
a
p
ri
o
ri

co
n
st
ra
in
ts
,
su
ch
as
sm
o
ot
h
n
es
s,
to
ou
r
so
lu
ti
on
in
or
d
er
th
at
it
\m
ak
es
se
n
se
".

A
ll
of
th
es
e
fa
ct
or
s
ar
e
d
is
cu
ss
ed
in
th
e
fo
ll
ow
in
g
te
x
t
w
it
h
en
ou
gh
d
et
ai
l
to
gi
ve
th
e
re
ad
er

a
gr
as
p
of
th
e
d
iÆ
cu
lt
ie
s
in
vo
lv
ed
in
so
lv
in
g
il
l-
p
os
ed
in
ve
rs
e
p
ro
b
le
m
s.

In
an
y
ve
ct
or
or
fu
n
ct
io
n
sp
ac
e
it
is
im
p
or
ta
n
t
to
h
av
e
an
es
ti
m
at
e
of
th
e
m
ag
n
it
u
d
e

of
a
q
u
an
ti
ty
(e
.g
.
jv
j
on
th
e
re
al
li
n
e)
.
In
d
ee
d
,
th
er
e
ar
e
m
an
y
fu
n
d
am
en
ta
l
p
ro
p
er
ti
es

of
in
ve
rs
e
p
ro
b
le
m
s
th
at
ca
n
on
ly
b
e
d
es
cr
ib
ed
b
y
k
n
ow
le
d
ge
of
th
e
m
e
tr
ic
or
n
o
rm

of
th
e

fu
n
ct
io
n
or
ve
ct
or
sp
ac
e
th
ey
in
h
ab
it
.
T
h
e
m
ag
n
it
u
d
e
m
ea
su
re
of
an
el
em
en
t
of
a
p
ar
ti
cu
la
r

sp
ac
e
is
ca
ll
ed
it
s
n
o
rm
,
an
d
if
th
e
sp
ac
es
S
an
d
D
ar
e
th
os
e
co
n
ta
in
in
g
th
e
so
lu
ti
on
an
d
d
at
a

re
sp
ec
ti
ve
ly
,
th
ei
r
n
or
m
s
ar
e
co
rr
es
p
on
d
in
gl
y
d
en
ot
ed
as
k:
k S
an
d
k:
k D
.
A
s
w
e
w
il
l
se
e,
n
or
m
s

ar
e
v
it
al
to
m
ak
in
g
es
ti
m
at
es
of
er
ro
r
am
p
li
�
ca
ti
on
in
th
e
so
lu
ti
on
of
in
te
gr
al
eq
u
at
io
n
s
an
d

in
ve
rs
e
p
ro
b
le
m
s
al
ik
e.

A
.2
.
T
H
E
R
A
T
IO
IN
V
E
R
S
IO
N
T
E
C
H
N
IQ
U
E
(R
IT
)
C
O
D
E

c

R
e
p
r
o
d
u
c
t
i
o
n
p
l
a
n

1
:
F
u
l
l
r
e
p
l
a
c
e
m
e
n
t
o
f
t
h
e
g
e
n
e
r
a
t
i
o
n

c

2
:
S
t
e
a
d
y
-
s
t
a
t
e
,
r
e
p
l
a
c
e
r
a
n
d
o
m

c

3
:
S
t
e
a
d
y
-
s
t
a
t
e
,
r
e
p
l
a
c
e
w
o
r
s
t

(
d
e
f
a
u
l
t
)

c
t
r
l
(
1
0
)
=
1
.

c

E
l
i
t
i
s
m
f
l
a
g

0
/
1
:
o
f
f
(
d
e
f
a
u
l
t
)
/
o
n
[
o
n
l
y
f
o
r
c
t
r
l
(
1
0
)
=
1
o
r
2

c
t
r
l
(
1
1
)
=
1
.

c c

O
u
t
p
u
t

0
/
1
/
2
:
N
o
n
e
(
d
e
f
a
u
l
t
)
/
M
i
n
i
m
a
l
/
V
e
r
b
o
s
e

c
t
r
l
(
1
2
)
=
0
.

r
e
t
u
r
n

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
i
n
i
t
_
f
i
l
e
s
(
i
o
d
a
t
a
,
i
o
p
h
e
n
o
,
k
d
a
t
a
,
r
d
a
t
a
,
r
c
d
a
t
a
,

+
l
d
a
t
a
,
d
a
t
a
_
f
i
l
e
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
U
s
e
:
I
n
i
t
i
a
l
i
s
e
s
t
h
e
I
/
O
f
i
l
e
s

c

i
m
p
l
i
c
i
t

n
o
n
e

i
n
t
e
g
e
r
*
4
i
o
d
a
t
a
,
i
o
p
h
e
n
o
,
k
d
a
t
a
,
r
d
a
t
a
,
r
c
d
a
t
a
,
l
d
a
t
a

c
h
a
r
a
c
t
e
r
d
a
t
a
_
f
i
l
e
*
8
0
,
p
h
e
n
o
_
f
i
l
e
*
8
0

c
h
a
r
a
c
t
e
r
k
e
r
n
_
f
i
l
e
*
8
0
,
r
_
c
a
l
c
*
8
0
,
t
h
_
e
r
r
_
f
i
l
e
*
8
0

p
h
e
n
o
_
f
i
l
e
=
'
f
h
a
t
.
d
a
t
'

r
_
c
a
l
c

=
'
r
a
t
_
c
a
l
c
.
d
a
t
'

k
e
r
n
_
f
i
l
e

=
'
k
e
r
n
.
d
a
t
'

t
h
_
e
r
r
_
f
i
l
e
=
'
e
r
r
o
r
_
d
a
t
/
t
h
_
e
r
r
.
d
a
t
'

c

I
N

I
n
p
u
t
d
a
t
a
f
i
l
e

o
p
e
n
(
u
n
i
t
=
i
o
d
a
t
a
,
f
i
l
e
=
d
a
t
a
_
f
i
l
e
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

c

I
N

I
n
p
u
t
k
e
r
n
e
l
f
i
l
e

o
p
e
n
(
u
n
i
t
=
k
d
a
t
a
,
f
i
l
e
=
k
e
r
n
_
f
i
l
e
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

c

I
N

I
n
p
u
t
t
h
_
e
r
r
f
i
l
e

o
p
e
n
(
u
n
i
t
=
r
d
a
t
a
,
f
i
l
e
=
t
h
_
e
r
r
_
f
i
l
e
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

c

I
N

I
n
p
u
t
t
h
_
e
r
r
f
i
l
e

o
p
e
n
(
u
n
i
t
=
l
d
a
t
a
,
f
i
l
e
=
'
r
a
t
i
o
_
l
i
s
t
.
d
a
t
'
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

c

O
U
T
F
i
n
a
l
p
h
e
n
o
t
y
p
e

o
p
e
n
(
u
n
i
t
=
i
o
p
h
e
n
o
,
f
i
l
e
=
p
h
e
n
o
_
f
i
l
e
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

c

O
U
T
R
e
c
a
l
c
u
l
a
t
e
d
r
a
t
i
o
s

o
p
e
n
(
u
n
i
t
=
r
c
d
a
t
a
,
f
i
l
e
=
r
_
c
a
l
c
,
s
t
a
t
u
s
=
'
u
n
k
n
o
w
n
'
)

r
e
t
u
r
n

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
s
t
a
r
t
(
n
p
a
r
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
U
s
e
:
R
e
a
d
s
t
h
e
i
n
i
t
i
a
l
i
s
a
t
i
o
n
f
i
l
e
`
r
a
t
i
o
_
s
t
a
r
t
.
i
n
'

c

i
m
p
l
i
c
i
t
n
o
n
e

i
n
t
e
g
e
r

n
d
a
t
a
,
n
p
a
r
,
s
m
o
o
t
h
,
n
r
a
t

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
l
a
m
,
s
c
a
l
e

c
o
m
m
o
n
/
m
i
s
c
/
l
a
m
,
s
c
a
l
e
,
n
d
a
t
a
,
s
m
o
o
t
h
,
n
r
a
t

o
p
e
n
(
1
,
f
i
l
e
=
'
r
a
t
i
o
_
s
t
a
r
t
.
i
n
'
,
s
t
a
t
u
s
=
'
o
l
d
'
,
f
o
r
m
=
'
f
o
r
m
a
t
t
e
d
'
)

r
e
w
i
n
d
(
1
)

r
e
a
d
(
1
,
*
)
n
d
a
t
a
,
n
r
a
t
,
n
p
a
r
,
l
a
m
,
s
c
a
l
e
,
s
m
o
o
t
h

c
l
o
s
e
(
1
)

w
r
i
t
e
(
*
,
2
)

2

f
o
r
m
a
t
(
/
1
x
,
6
0
(
'
*
'
)
,
/
,

+

'
*
'
,
1
3
x
,
'
G
e
n
e
t
i
c
A
l
g
o
r
i
t
h
m
I
n
i
t
i
a
l
i
s
a
t
i
o
n
'
,
1
3
x
,
'
*
'
,
/
,

+

1
x
,
6
0
(
'
*
'
)
,
/
)

w
r
i
t
e
(
*
,
*
)
'
N
u
m
b
e
r
o
f
d
a
t
a
p
o
i
n
t
s
:
'
,
n
d
a
t
a



A
.2.
T
H
E
R
A
T
IO
IN
V
E
R
S
IO
N
T
E
C
H
N
IQ
U
E
(R
IT
)
C
O
D
E

w
r
i
t
e
(
*
,
*
)
'
N
u
m
b
e
r
o
f
l
i
n
e
r
a
t
i
o
s
:
'
,
n
r
a
t

w
r
i
t
e
(
*
,
*
)
'

S
m
o
o
t
h
i
n
g
p
a
r
a
m
e
t
e
r
:
'
,
l
a
m

w
r
i
t
e
(
*
,
*
)
'

S
c
a
l
i
n
g
p
a
r
a
m
e
t
e
r
:
'
,
s
c
a
l
e

i
f
(
s
m
o
o
t
h
.
e
q
.
0
)

+

w
r
i
t
e
(
*
,
*
)
'

S
m
o
o
t
h
i
n
g
O
r
d
e
r
:
Z
e
r
o
t
h
'

i
f
(
s
m
o
o
t
h
.
e
q
.
1
)

+

w
r
i
t
e
(
*
,
*
)
'

S
m
o
o
t
h
i
n
g
O
r
d
e
r
:
F
i
r
s
t
'

i
f
(
s
m
o
o
t
h
.
e
q
.
2
)

+

w
r
i
t
e
(
*
,
*
)
'

S
m
o
o
t
h
i
n
g
O
r
d
e
r
:
S
e
c
o
n
d
'

i
f
(
s
m
o
o
t
h
.
e
q
.
3
)

+

w
r
i
t
e
(
*
,
*
)
'

U
s
i
n
g
M
a
x
E
n
t
S
m
o
o
t
h
i
n
g
'

w
r
i
t
e
(
*
,
3
)

3

f
o
r
m
a
t
(
/
1
x
,
6
0
(
'
*
'
)
,
/
)

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
f
i
n
i
t
(
i
o
d
a
t
a
,
k
d
a
t
a
,
r
d
a
t
a
,
l
d
a
t
a
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
U
s
e
:
R
e
a
d
i
n
a
l
l
t
h
e
i
n
i
t
i
a
l
d
a
t
a

c

i
m
p
l
i
c
i
t
n
o
n
e

i
n
t
e
g
e
r
*
4

i
o
d
a
t
a
,
k
d
a
t
a
,
r
d
a
t
a
,
l
d
a
t
a

i
n
t
e
g
e
r

n
d
a
t
a
_
m
a
x
,
n
r
a
t
_
m
a
x
,
d
_
m
a
x

p
a
r
a
m
e
t
e
r
(
n
d
a
t
a
_
m
a
x
=
1
0
0
,
n
r
a
t
_
m
a
x
=
1
0
0
,
d
_
m
a
x
=
5
0
)

i
n
t
e
g
e
r

i
,
j
,
r
l
(
n
r
a
t
_
m
a
x
)
,
n
d
a
t
a
,
s
m
o
o
t
h
,
n
r
a
t

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
r
(
n
r
a
t
_
m
a
x
)
,
k
(
d
_
m
a
x
,
n
r
a
t
_
m
a
x
)
,
s
i
g
t
h
(
n
r
a
t
_
m
a
x
)

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
s
c
a
l
e
,
s
i
g
d
(
n
r
a
t
_
m
a
x
)
,
l
a
m

c
o
m
m
o
n
/
d
a
t
a
/
r
,
k
,
r
l
,
s
i
g
t
h
,
s
i
g
d

c
o
m
m
o
n
/
m
i
s
c
/
l
a
m
,
s
c
a
l
e
,
n
d
a
t
a
,
s
m
o
o
t
h
,
n
r
a
t

c
-
-
-
-

R
e
a
d
l
i
n
e
r
a
t
i
o
s
(
R
_
{
o
b
s
}
)
a
n
d
o
b
s
e
r
v
a
t
i
o
n
a
l
e
r
r
o
r
s

r
e
a
d
(
i
o
d
a
t
a
,
*
)
(
r
(
i
)
,
s
i
g
d
(
i
)
,
i
=
1
,
n
r
a
t
)

c
l
o
s
e
(
i
o
d
a
t
a
)

c
-
-
-
-

R
e
a
d
K
e
r
n
e
l
s

d
o
1
0
i
=
1
,
(
2
*
n
r
a
t
)

r
e
a
d
(
k
d
a
t
a
,
*
)
(
k
(
j
,
i
)
,
j
=
1
,
n
d
a
t
a
)

1
0
c
o
n
t
i
n
u
e

c
l
o
s
e
(
k
d
a
t
a
)

c
-
-
-
-

R
e
a
d
t
h
e
o
r
e
t
i
c
a
l
u
n
c
e
r
t
a
i
n
t
i
e
s

r
e
a
d
(
r
d
a
t
a
,
*
)
(
s
i
g
t
h
(
i
)
,
i
=
1
,
n
r
a
t
)

c
l
o
s
e
(
r
d
a
t
a
)

c
-
-
-
-

R
e
a
d
i
n
t
h
e
r
a
t
i
o
p
a
i
r
i
n
g
s
(
f
o
r
m
a
t
-
-
>
t
o
p
b
o
t
t
o
m
)

r
e
a
d
(
l
d
a
t
a
,
*
)
(
r
l
(
i
)
,
i
=
1
,
2
*
n
r
a
t
)

c
l
o
s
e
(
l
d
a
t
a
)

d
o
1
1
i
=
1
,
2
*
n
r
a
t

r
l
(
i
)
=
r
l
(
i
)
+
1

1
1
c
o
n
t
i
n
u
e

r
e
t
u
r
n

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

s
u
b
r
o
u
t
i
n
e
o
u
t
p
u
t
(
i
o
p
h
e
n
o
,
r
c
d
a
t
a
,
n
,
x
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
U
s
e
:
O
u
t
p
u
t
t
h
e
f
i
n
a
l
s
o
l
u
t
i
o
n
a
n
d
t
h
e
i
r
l
i
n
e

C

r
a
t
i
o
s
(
R
_
{
c
a
l
c
}
)

c

i
m
p
l
i
c
i
t
n
o
n
e

i
n
t
e
g
e
r
*
4

i
o
p
h
e
n
o
,
r
c
d
a
t
a

i
n
t
e
g
e
r
*
4

n
d
a
t
a
_
m
a
x
,
n
r
a
t
_
m
a
x
,
d
_
m
a
x

p
a
r
a
m
e
t
e
r
(
n
d
a
t
a
_
m
a
x
=
1
0
0
,
n
r
a
t
_
m
a
x
=
1
0
0
,
d
_
m
a
x
=
5
0
)

i
n
t
e
g
e
r

n
d
a
t
a
,
i
,
j
,
b
i
d
,
t
i
d
,
n
,
n
r
a
t
,
s
m
o
o
t
h

i
n
t
e
g
e
r

r
l
(
n
r
a
t
_
m
a
x
)

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
y
(
n
d
a
t
a
_
m
a
x
)
,
t
o
p
(
n
d
a
t
a
_
m
a
x
)
,
b
o
t
(
n
d
a
t
a
_
m
a
x
)

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
k
(
d
_
m
a
x
,
n
r
a
t
_
m
a
x
)
,
r
c
(
n
r
a
t
_
m
a
x
)
,
r
(
n
r
a
t
_
m
a
x
)

d
o
u
b
l
e
p
r
e
c
i
s
i
o
n
l
a
m
,
s
c
a
l
e
,
s
i
g
d
(
n
r
a
t
_
m
a
x
)
,
s
i
g
t
h
(
n
r
a
t
_
m
a
x
)

2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

variab
le
ap
p
ears
in
th
e
lim
its
of
th
e
in
tegral.
T
h
e
d
i�
eren
ce
b
etw
een
th
e
form
u
lation
of
th
e

tw
o
arises
b
ecau
se
w
e
retain
th
e
con
stan
t
a
b
u
t
h
ave
m
ad
e
b
som
e
fu
n
ction
of
x
(b
=
b(x
))

in
eq
u
ation
s
(2.5)
an
d
(2.6),
so
w
e
h
ave

Z
b(x
)

a

k
(x
;y
)f
(x
)d
x
=
g
(y
)
:

(2.16)

In
fact,
V
olterra
eq
u
ation
s
(of
th
e
�
rst
k
in
d
)
m
ay
b
e
treated
sim
ilarly
to
eq
u
ation
(2.5)
w
ith

k
(x
;y
)
=
0
for
y
>
x
,
th
is
`tru
n
cation
'
gives
th
em
a
q
u
ite
d
istin
ct
n
atu
re.
T
h
e
asso
ciated

kern
el
m
atrix
of
th
e
d
iscretised
form
is
low
er-trian
gu
lar
2
an
d
th
e
lin
ear
sy
stem
h
as
a
recu
rsive

n
atu
re
easily
am
en
ab
le
to
th
e
G
a
u
ssia
n
E
lim
in
a
tio
n
or
ba
c
k
-su
b
stitu
tio
n
m
eth
o
d
s
d
iscu
ssed

in
S
n
ed
d
on
(1972).
T
h
e
solu
tion
to
m
an
y
in
verse
p
rob
lem
s
in
th
e
p
h
y
sical
scien
ces
red
u
ce
to

th
e
solu
tion
of
su
ch
eq
u
ation
s,
e.g.
see
th
e
follow
in
g
ex
am
p
le.

2
.1
.1
.4

A
n
e
x
a
m
p
le
o
f
a
V
o
lte
rra
e
q
u
a
tio
n
:
N
o
n
-th
e
rm
a
l
b
re
m
sstra
h
lu
n
g
sp
e
c
-

tra

A
s
m
en
tion
ed
ab
ove,
if
w
e
w
ish
to
in
fer
th
e
average
3
sou
rce
electron
en
ergy
sp
ectru
m
,
F
(E
),

of
a
b
eam
or

are
it
can
on
ly
b
e
d
on
e
from
th
e
p
rop
erties
of
th
e
rad
iation
su
ch
as
th
e
ob
served

b
rem
sstrah
lu
n
g
sp
atially
in
tegrated
p
h
oton
sp
ectru
m
,
J
(�),
of
th
e
sou
rce.
A
s
d
escrib
ed
in

?
?
(an
d
C
raig
&
B
row
n
1986)
w
e
h
ave
th
e
form

J
(�)
=
�n
p V Z

1
�

Q
B
(�;E
)
�F
(E
)
d
E

(2.17)

w
h
ere
�n
p
=

1V R
V
n
p (r)d
V
an
d
�F
(E
)
=

1�n
p R
V
F
(E
;r)n
p (r)d
V
,
V
is
th
e
sou
rce
volu
m
e
an
d

n
p

is
th
e
p
roton
d
en
sity
an
d
Q
B
(�;E
)
is
th
e
electron
-ion
(n
on
-relativ
istic)
B
eth
e-H
eitler

b
rem
sstrah
lu
n
g
cross-section
(see
B
row
n
1971,
1978).

E
q
u
ation
(2.17)
is
of
V
olterra
ty
p
e
as
can
b
e
m
ore
clearly
ob
served
b
y
ch
an
gin
g
variab
le

from
E
to
y
=
1=E
an
d
x
=
1=�

g
(x
)
= Z

x
0

f
(y
)d
y

(x
�
y
)
1
=
2

(2.18)

w
h
ere
f
(y
)
=
y
�
2
�F
(1=y
)
an
d
g
(x
)
=
x
�
1
=
2G
(J
(1=x
)).
T
h
is
p
rob
lem
,
w
h
ich
is
m
o
d
erately

ill-p
osed
,
h
as
b
een
w
id
ely
research
ed
(see,
e.g.,
?
?
)
an
d
gives
rise
to
electron
en
ergy
sp
ectra

w
h
ich
are
u
n
stab
le
to
n
oise
in
g
(x
),
an
d
in
m
ore
gen
eral
cases
n
on
-u
n
iq
u
e
(d
ep
en
d
in
g
on
th
e

p
h
y
sical
ch
aracteristics
of
th
e
m
o
d
el
atm
osp
h
ere
u
sed
,
i.e.
fu
ll
or
p
artial
ion
isation
).

2A
ll
k
ern
els
o
f
V
o
lterra
eq
u
a
tio
n
s
ca
n
b
e
ex
p
ressed
a
s
H
eav
isid
e
fu
n
ctio
n
s
in
K
.

3A
v
era
g
e
in
th
e
sen
se
th
a
t
F
(E
;
r)
it
is
a
fu
n
ctio
n
o
f
th
ree
sp
a
tia
l
co
o
rd
in
a
tes.
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1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

fo
rm

g
=
K
(x
):

(2
.4
)

O
n
in
sp
ec
ti
on
of
eq
u
at
io
n
s
(2
.2
)
an
d
(2
.3
),
w
e
se
e
h
ow
th
e
in
te
gr
al
eq
u
at
io
n
is
d
ir
ec
tl
y

an
al
og
ou
s
to
th
e
li
n
ea
r
m
at
ri
x
sy
st
em

of
eq
u
at
io
n
(2
.4
)
w
h
en
K

is
a
li
n
ea
r
fu
n
ct
io
n
al
,
as

b
ef
or
e.
In
d
ee
d
,
m
an
y
of
th
e
p
ro
p
er
ti
es
d
is
cu
ss
ed
in
th
is
,
an
d
ot
h
er
ch
ap
te
rs
d
ep
en
d
on

st
an
d
ar
d
li
n
ea
r
m
at
ri
x
op
er
at
io
n
s.
T
h
es
e
su
�
er
fr
om
va
ri
ou
s
\d
ef
ec
ts
".
O
n
e
p
ri
n
ci
p
al
d
ef
ec
t

in
m
an
y
of
th
e
li
n
ea
r
m
at
ri
x
ad
ap
ta
ti
on
s
of
in
ve
rs
e
p
ro
b
le
m
s
is
th
at
of
si
n
g
u
la
ri
ty
.
In
te
rm
s

of
m
at
ri
ce
s,
si
n
gu
la
ri
ty
is
a
fa
m
il
ia
r
p
h
en
om
en
on
.
C
on
si
d
er
th
e
so
lu
ti
on
of
a
sq
u
ar
e
m
at
ri
x

eq
u
at
io
n
y
=
A
x
(f
or
ve
ct
or
s
x
an
d
y
an
d
sq
u
ar
e
m
at
ri
x
A
)
w
h
ic
h
is
ob
v
io
u
sl
y
x
=
A
�
1
y

p
ro
v
id
ed
th
at
A
�
1
ex
is
ts
.
T
h
is
is
p
re
ci
se
ly
w
h
en
it
h
as
n
o
li
n
ea
r
d
ep
en
d
en
ce
in
it
s
ro
w
s
th
u
s

it
h
as
n
on
-z
er
o
d
et
er
m
in
an
t
an
d
is
cl
as
se
d
as
n
o
n
-s
in
g
u
la
r.
H
ow
ev
er
,
w
h
en
tr
ea
ti
n
g
m
at
ri
ce
s

d
er
iv
ed
fr
om
in
te
gr
al
op
er
at
or
s
(c
f.
K
ab
ov
e)
si
n
gu
la
ri
ty
is
d
ep
en
d
en
t
on
it
s
ei
ge
n
va
lu
es
w
it
h

th
e
d
eg
re
e
of
si
n
gu
la
ri
ty
gi
ve
n
b
y
th
e
n
u
m
b
er
of
ze
ro
1
ei
ge
n
va
lu
es
an
d
ag
ai
n
th
e
n
u
m
b
er
of

ze
ro
ei
ge
n
va
lu
es
d
ir
ec
tl
y
in
d
ic
at
es
th
e
d
eg
re
e
of
li
n
ea
r
d
ep
en
d
en
ce
in
th
e
ke
rn
el
op
er
at
or
.

T
h
e
co
n
ce
p
t
of
si
n
gu
la
ri
ty
is
d
is
cu
ss
ed
fu
rt
h
er
in
S
ec
ti
on
2.
1.
3.
2.

2
.1
.1
.1

F
re
d
h
o
lm

in
te
g
ra
l
e
q
u
a
ti
o
n
s

B
y
fa
r
th
e
m
os
t
ge
n
er
al
cl
as
s
of
in
te
gr
al
eq
u
at
io
n
is
th
e
F
re
d
h
ol
m

in
te
gr
al
eq
u
at
io
n
(c
f.

eq
u
at
io
n
(2
.3
))
.
N
ot
e
th
at

Z b a

k
(x
;y
)f
(x
)d
x
=
g
(y
)
c
�
y
�
d
an
d

(2
.5
)

f
(y
)
+
�

Z b a

k
(x
;y
)f
(x
)d
x
=
g
(y
)
c
�
y
�
d

(2
.6
)

ar
e
F
re
d
h
ol
m
in
te
gr
al
eq
u
at
io
n
s
of
th
e
�
rs
t
an
d
se
co
n
d
k
in
d
re
sp
ec
ti
ve
ly
.

T
h
e
an
al
y
ti
ca
l
so
lu
ti
on
to
eq
u
at
io
n
(2
.5
)
(a
n
d
eq
u
at
io
n
(2
.6
))
is
th
e
co
n
ti
n
u
ou
s
fu
n
ct
io
n

f
(x
).
H
ow
ev
er
in
th
e
`r
ea
l
w
or
ld
'
th
er
e
ar
e
on
ly
a
�
n
it
e
n
u
m
b
er
of
ob
se
rv
ab
le
s
av
ai
la
b
le
,
an
d

n
ot
th
e
in
�
n
it
e
n
u
m
b
er
re
q
u
ir
ed
fo
r
th
e
ex
ac
t
re
co
ve
ry
of
f
(x
)
fr
om
ei
th
er
eq
u
at
io
n
if
w
e

n
eg
le
ct
,
fo
r
th
e
m
om
en
t
at
le
as
t,
il
l-
p
os
ed
n
es
s
an
d
p
o
or
co
n
d
it
io
n
in
g.
T
h
u
s,
w
e
m
u
st
so
lv
e

th
e
in
te
gr
al
eq
u
at
io
n
ov
er
a
d
is
cr
et
e
se
t
of
va
lu
es
.
T
o
d
is
cr
et
is
e
th
e
in
te
gr
al
eq
u
at
io
n
w
e
u
se

li
n
ea
r
q
u
ad
ra
tu
re
m
et
h
o
d
s
(c
f.
th
e
T
ra
p
ez
oi
d
al
ru
le
or
S
im
p
so
n
's
m
et
h
o
d
d
is
cu
ss
ed
in
P
re
ss

et
al
.
19
92
)
to
`b
re
ak
u
p
'
th
e
in
te
gr
an
d
an
d
in
te
gr
at
e
it
ov
er
a
sh
or
te
r
ra
n
ge
th
an
a
to
b

1
In
th
is
se
n
se
,
\
ze
ro
"
ca
n
b
e
in
te
rp
re
te
d
a
s
n
u
m
er
ic
a
ll
y
ze
ro
,
a
t
th
e
p
re
ci
si
o
n
o
f
th
e
co
m
p
u
te
r
u
se
d
.

A
.2
.
T
H
E
R
A
T
IO
IN
V
E
R
S
IO
N
T
E
C
H
N
IQ
U
E
(R
IT
)
C
O
D
E

d
o
4
i
=
1
,
n
r
a
t

t
i
d
=
r
l
(
(
2
*
i
)
-
1
)

b
i
d
=
r
l
(
2
*
i
)

d
o
1
j
=
1
,
n
d
a
t
a

t
o
p
(
i
)
=
t
o
p
(
i
)
+
(
k
(
j
,
t
i
d
)
*
y
(
j
)
)

b
o
t
(
i
)
=
b
o
t
(
i
)
+
(
k
(
j
,
b
i
d
)
*
y
(
j
)
)

1

c
o
n
t
i
n
u
e

4
c
o
n
t
i
n
u
e

d
o
7
i
=
1
,
n
r
a
t

s
u
m
n
(
i
)
=
(
r
(
i
)
-
(
t
o
p
(
i
)
/
b
o
t
(
i
)
)
)
*
*
2

7
c
o
n
t
i
n
u
e

d
o
5
i
=
1
,
n
r
a
t

s
u
m
=
s
u
m
+
(
s
u
m
n
(
i
)
/
(
s
i
g
t
h
(
i
)
*
*
2
+
s
i
g
d
(
i
)
*
*
2
)
)

5
c
o
n
t
i
n
u
e

c
F
o
r
M
a
x
E
n
t
c
a
l
c
u
l
a
t
i
o
n

i
f
(
s
m
o
o
t
h
.
e
q
.
3
)
t
h
e
n

s
u
m
=
s
u
m
+
(
l
a
m
*
t
o
t
d
)

r
a
t
_
c
h
i
=
1
.
/
s
u
m

c
F
o
r
d
e
r
i
v
a
t
i
v
e
c
a
l
c
u
l
a
t
i
o
n

e
l
s
e s

u
m
=
s
u
m
+
(
l
a
m
*
t
o
t
d
)

r
a
t
_
c
h
i
=
1
.
/
(
1
.
+
s
u
m
)

e
n
d
i
f

r
e
t
u
r
n

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*



A
p
p
e
n
d
ix
B

S
o
m
e
S
E
L
E
C
T
O
R

d
e
ta
ils

In
C
h
ap
ter
5
w
e
d
iscu
ssed
th
e
ap
p
lication
of
th
e
S
E
L
E
C
T
O
R
gen
etic
algorith
m
to
th
e
op
tim
i-

sation
of
th
e
con
d
ition
n
u
m
b
er
of
th
e
D
i�
eren
tial
E
m
ission
M
easu
re
(D
E
M
)
in
verse
p
rob
lem
s

(an
d
h
en
ce
im
p
rove
th
e
n
u
m
erical
stab
ility
of
th
e
in
ferred
solu
tion
to
d
ata
n
oise).
W
e
p
er-

form
ed
th
is
b
y
allow
in
g
S
E
L
E
C
T
O
R
to
search
for
an
op
tim
al
set
of
em
ission
lin
es
in
th
e

S
O
H
O
C
D
S
/S
U
M
E
R
w
avelen
gth
ran
ge
(150-1610
�A
).
In
th
e
follow
in
g
section
s
w
e
d
iscu
ss

th
e
con
d
ition
n
u
m
b
er
estim
ator
(p
rim
arily
to
in
crease
th
e
sp
eed
of
th
e
algorith
m
)
of
C
lin
e

et
al.
(1979)
an
d
p
rov
id
e
th
e
F
ortran
-77
co
d
e
of
th
e
algorith
m
.

B
.1

C
o
n
d
itio
n
n
u
m
b
e
r
e
stim
a
tio
n

In
S
ection
5.1,
w
h
ile
in
tro
d
u
cin
g
th
e
m
ech
an
ics
of
th
e
S
E
L
E
C
T
O
R
G
A
,
w
e
d
rew
th
e
read
er's

atten
tion
to
th
e
fact
th
at
w
e
are
ab
le
to
calcu
late
th
e
con
d
ition
n
u
m
b
er
C
K

of
an
m
�
n
m
atrix

K
u
sin
g
eith
er
a
fu
ll
S
in
gu
lar
V
alu
e
D
ecom
p
osition
(S
V
D
;
see
S
ection
2.1.3.2)
or
b
y
u
sin
g
an

e
stim
a
te
for
C
K

d
iscu
ssed
b
y
C
lin
e
et
al.
(1979).
T
h
e
form
er
is
k
n
ow
n
to
b
e
com
p
u
tation
ally

ex
p
en
sive
O
(n
3)
(n
b
ein
g
th
e
m
a
jor
d
im
en
sion
of
m
atrix
K
)
w
h
ereas
th
e
latter
is
on
ly

O
(n
2).
T
h
e
b
en
e�
ts
of
im
p
lem
en
tin
g
th
e
con
d
ition
n
u
m
b
er
estim
ate
in
S
E
L
E
C
T
O
R
are
clear

w
h
en
con
sid
erin
g
th
e
n
u
m
b
er
of
calcu
lation
s
req
u
ired
in
a
sin
gle
evolu
tion
ary
ru
n
of
5,000

gen
eration
s,
say.
W
ith
100
in
d
iv
id
u
als
in
th
e
p
op
u
lation
an
d
n
(=
m
)
=
30
w
e
h
ave,
for
on
e

ru
n
,

5000
�
100
�
30
2
=
4:5
�
10
8

calcu
lation
s,
ex
clu
d
in
g
gen
etic
op
eration
s.

R
ecallin
g
th
e
d
iscu
ssion
of
S
ection
2.1.2,
w
e
see
th
at
for
th
e
lin
ear
sy
stem
^g
=
K
^f
w
h
ere

th
e
d
ata
(^g
=
g
+
Æg
)
an
d
solu
tion
( ^f
=
f
+
Æf),
w
ith
th
eir
resp
ective
errors
(Æg
an
d
Æf),

2.1.
IN
V
E
R
S
E
P
R
O
B
L
E
M
S

A
n
y
relation
sh
ip
d
erived
from
a
m
ath
em
atical
m
o
d
el
of
a
p
h
y
sical
p
ro
cess
can
b
e
w
ritten
,

w
ith
ou
t
loss
of
gen
erality,
as
th
e
relation
sh
ip
b
etw
een
y
an
d
x

G
(y
)
=
K
(x
)
;

(2.1)

w
h
ere
G

an
d
K

rep
resen
t
som
e
k
n
o
w
n
fu
n
ction
s
of
th
e
ob
servab
les
an
d
n
on
-ob
servab
les,

resp
ectively.
T
h
e
term

`fu
n
ction
'
is
u
sed
in
its
b
road
er
m
ath
em
atical
sen
se
:
K

an
d
G

are
m
ap
p
in
gs
from
th
e
(vector
or
fu
n
ction
)
sp
aces
con
tain
in
g
th
e
aforem
en
tion
ed
q
u
an
tities.

E
q
u
ality
in
eq
u
ation
(2.1)
forces
G
(y
)
an
d
K
(x
)
to
h
ave
th
e
sa
m
e
n
u
m
b
er
of
d
egrees
of

freed
om

an
d
to
form
a
sy
stem

of
eq
u
ation
s,
w
h
ilst
its
classi�
cation
as
an
in
verse
p
rob
lem

d
ep
en
d
s
en
tirely
on
th
e
p
rop
erties
of
K

an
d
h
old
s
w
h
en
K

is
a
n
on
-triv
ial
fu
n
ction
of
th
e

n
on
-ob
servab
le
x
(i.e.
th
e
sy
stem
of
eq
u
ation
s
is
cou
p
led
as
p
rev
iou
sly
n
oted
).

A
lth
ou
gh
eq
u
ation
(2.1)
is
gen
eral
in
n
atu
re
it
can
b
e
u
sed
to
categorise
in
verse
p
rob
lem
s.

C
on
sid
er
th
e
follow
in
g
sp
eci�
c
ex
am
p
les
:

1.
S
u
p
p
ose
y
an
d
x
are
vectors,
of
d
im
en
sion
m

an
d
n
,
resp
ectively
(m

d
ata
valu
es
an
d
n

u
n
k
n
ow
n
p
aram
eters
to
�
n
d
).
T
h
en
G
(y
),
an
d
th
erefore
K
(x
),
is
a
vector,
of
len
gth
q,

say.
E
q
u
ation
(2.1)
b
ecom
es,
in
term
s
of
vector
com
p
on
en
ts,

G
i (y
)
=
K
i (x
);
for
i
=
1;:::;q:

(2.2)

If
G

an
d
K

are
b
oth
lin
ear
fu
n
ction
s,
th
en
eq
u
ation
(2.1)
m
ay
b
e
w
ritten
,
u
sin
g
m
atrix

n
otation
as,
G
y
=
K
x
,
w
h
ere
G
an
d
K
are
q
�
m
an
d
q
�
n
m
atrices,
resp
ectively.
In
d
eed

for
q
=
m

an
d
G
=
I
m

(w
h
ere
I
m

is
th
e
id
en
tity
m
atrix
of
d
im
en
sion
m
)
eq
u
ation
(2.1)

b
ecom
es
a
p
u
re
m
atrix
-ty
p
e
in
verse
p
rob
lem
of
th
e
form
,
y
=
M
x
.

2.
N
ow
w
e
su
p
p
ose
th
at
y
is
a
vector
as
b
efore,
b
u
t
x
is
a
fu
n
ction
(x
=
x
(t))
of
som
e
real

variab
le
t
(u
�
t
�
v
).
F
or
sim
p
licity
w
e
assu
m
e
th
at
K

a
lin
ear
fu
n
ction
of
x
so
th
at,

if
G
(y
)
is
a
fu
n
ction
of
s
(again
a
real
variab
le
w
ith
a
�
s
�
b),
eq
u
ation
(2.1)
b
ecom
es

(n
otin
g
th
at
w
h
en
x
rep
resen
ts
th
e
valu
es
of
a
fu
n
ction
of
a
con
tin
u
ou
s
variab
le,
t
in
th
is

case,
K

in
volves
an
in
tegral
over
th
at
variab
le)

G
(y
;s)
= Z

v
u

k
(s;t)x
(t)d
t;
for
a
�
s
�
b:

(2.3)

T
h
is
is
th
e
gen
eral
form
of
a
F
red
h
o
lm

in
teg
ra
l
eq
u
a
tio
n
(see
C
raig
&
B
row
n
1986)
an
d
is

also
d
iscu
ssed
at
greater
len
gth
in
S
ection
2.1.1.1.

A
m
ore
ap
p
rop
riate
treatm
en
t
of
G
as
th
e
d
a
ta
of
th
e
p
rob
lem
is
to
con
sid
er
th
e
rep
lace-

m
en
t
of
G
(y
),
in
eq
u
ation
(2.1),
w
ith
th
e
sy
m
b
ol
g
,
so
th
at
w
e
stu
d
y
p
rob
lem
s
th
at
take
th
e



C
h
a
p
te
r
2

A
n
in
tr
o
d
u
c
ti
o
n
to
in
v
e
r
se

p
r
o
b
le
m
s
a
n
d
p
la
sm
a
d
ia
g
n
o
st
ic
s

T
h
is
C
h
a
p
te
r

In
th
is
ch
a
p
te
r
w
e
d
is
cu
ss
th
e
es
se
n
ti
a
l
th
eo
re
ti
ca
l
a
n
d
a
n
a
ly
ti
c
m
et
h
od
s
em
p
lo
ye
d
in
th
e
fo
l-

lo
w
in
g
ch
a
p
te
rs
o
f
th
is
th
es
is
.
W
e
co
n
ce
n
tr
a
te
u
po
n
th
e
fo
rm
u
la
ti
o
n
a
n
d
n
u
m
er
ic
a
l
so
lu
ti
o
n
o
f

in
ve
rs
e
p
ro
bl
em
s,
p
re
se
n
ti
n
g
va
ri
o
u
s
p
ra
ct
ic
a
l
`t
oo
ls
'
en
ro
u
te
.
F
u
rt
h
er
,
w
e
d
is
cu
ss
th
e
th
eo
-

re
ti
ca
l
fo
u
n
d
a
ti
o
n
s
o
f
o
bt
a
in
in
g
re
li
a
bl
e
d
ia
gn
o
st
ic
s
o
f
h
o
t
so
la
r
p
la
sm
a
s
a
n
d
li
ke
ly
so
u
rc
es
o
f

u
n
ce
rt
a
in
ty
th
er
ei
n
.

2
.1

In
v
e
rs
e
P
ro
b
le
m
s

In
ve
rs
e
p
ro
b
le
m
s
o
cc
u
r
in
a
w
id
e
va
ri
et
y
of
p
h
y
si
ca
l
co
n
te
x
ts
.
T
h
ey
ar
e
a
n
at
u
ra
l
co
n
se
q
u
en
ce

of
an
y
si
tu
at
io
n
in
w
h
ic
h
an
ob
se
rv
er
m
ak
es
an
in
d
ir
ec
t
m
ea
su
re
m
en
t
of
th
e
q
u
an
ti
ti
es
w
h
ic
h

h
e
or
sh
e
is
ac
tu
al
ly
in
te
re
st
ed
in
.
In
d
ee
d
,
th
e
d
es
ig
n
at
io
n
`i
n
ve
rs
e'
ar
is
es
fr
om
th
e
fa
ct
th
at

m
an
y
ob
je
ct
s
of
in
te
re
st
ar
e
m
an
if
es
tl
y
ob
sc
u
re
d
fr
om
ob
se
rv
at
io
n
,
ei
th
er
b
y
th
ei
r
p
h
y
si
ca
l

lo
ca
ti
on
(s
u
ch
as
th
e
so
la
r
co
ro
n
a)
,
or
th
ei
r
in
tr
in
si
c
n
on
-m
ea
su
ra
b
il
it
y
(e
.g
.,
th
e
su
b
-s
u
rf
ac
e

ve
lo
ci
ty
of
vo
lc
an
ic
m
ag
m
a,
ca
n
n
ot
b
e
m
ea
su
re
d
d
ir
ec
tl
y
si
n
ce
an
y
m
ea
su
ri
n
g
p
ro
b
e
w
ou
ld

li
ke
ly
b
e
d
es
tr
oy
ed
b
y
th
e
en
or
m
ou
s
st
re
ss
es
an
d
te
m
p
er
at
u
re
).
T
h
is
si
tu
at
io
n
es
se
n
ti
al
ly

d
e�
n
es
\r
em
ot
e-
se
n
si
n
g"
sc
ie
n
ce
s
su
ch
as
as
tr
on
om
y
w
h
er
e
th
e
ob
se
rv
ed
q
u
an
ti
ti
es
ar
e
ob
-

ta
in
ed
fr
om
th
e
el
ec
tr
om
ag
n
et
ic
ra
d
ia
ti
on
em
it
te
d
b
y
at
om
s,
io
n
s
an
d
el
ec
tr
on
s
in
te
ra
ct
in
g

u
n
d
er
ex
te
rn
al
fo
rc
es
.
V
er
y
of
te
n
th
e
so
u
rc
e
is
n
ot
re
so
lv
ed
sp
at
ia
ll
y,
so
on
ly
th
e
vo
lu
m
e

in
te
gr
at
ed
p
ar
ti
cl
e/
p
h
ot
on

u
x
fr
om
th
e
ob
je
ct
ca
n
b
e
m
ea
su
re
d
.
T
h
eo
re
ti
ca
l
co
n
si
d
er
at
io
n
s

B
.2
.
T
H
E
S
E
L
E
C
T
O
R
C
O
D
E

r
e
a
l

f
d
i
f
,
p
m
u
t
,
p
c
r
o
s
s

c
A
r
r
a
y
s

i
n
t
e
g
e
r

i
f
i
t
(
P
M
A
X
)
,
j
f
i
t
(
P
M
A
X
)

i
n
t
e
g
e
r

p
h
(
N
M
A
X
,
2
)
,
o
l
d
p
h
(
N
M
A
X
,
P
M
A
X
)
,
n
e
w
p
h
(
N
M
A
X
,
P
M
A
X
)

i
n
t
e
g
e
r

g
n
1
(
N
M
A
X
)
,
g
n
2
(
N
M
A
X
)

r
e
a
l

f
i
t
n
s
(
P
M
A
X
)
,
w
o
r
k
(
N
M
A
X
,
D
M
A
X
)
,
s
p
a
c
e
(
N
M
A
X
)

c
F
u
n
c
t
i
o
n
s

r
e
a
l

u
r
a
n
d

e
x
t
e
r
n
a
l
u
r
a
n
d

c

R
e
a
d
i
n
t
h
e
f
u
l
l
l
i
n
e
d
a
t
a
i
n
t
o
c
o
m
m
o
n
b
l
o
c
k

C
a
l
l
s
e
t
u
p
(
n
,
n
p
a
r
,
m
a
x
l
i
n
e
s
,
n
g
e
n
,
n
c
h
o
i
c
e
,
p
c
r
o
s
s
,

+

p
m
u
t
,
f
d
i
f
,
k
d
i
m
,
i
e
l
i
t
e
,
s
e
e
d
,
i
r
e
p
,
o
u
t
)

C
a
l
l
r
n
i
n
i
t
(
s
e
e
d
)

c

C
r
e
a
t
e
t
h
e
i
n
i
t
i
a
l
p
o
p
u
l
a
t
i
o
n

C
a
l
l
i
n
i
t
p
o
p
(
N
M
A
X
,
n
,
n
p
a
r
,
i
n
i
t
,
m
a
x
l
i
n
e
s
,
o
l
d
p
h
)

C
a
l
l
e
v
a
l
_
f
i
t
(
N
M
A
X
,
n
,
n
p
a
r
,
f
i
t
n
s
,
o
l
d
p
h
,
k
d
i
m
,
w
o
r
k
,

+

s
p
a
c
e
)

w
s
t
=
1
.
e
0

c

R
a
n
k
i
n
i
t
i
a
l
p
o
p
u
l
a
t
i
o
n

C
a
l
l
r
n
k
p
o
p
(
n
p
a
r
,
f
i
t
n
s
,
i
f
i
t
,
j
f
i
t
)

c

M
a
i
n
p
r
o
g
r
a
m
l
o
o
p
(
G
e
n
e
r
a
t
i
o
n
)

d
o
1
0
i
g
=
1
,
n
g
e
n

n
e
w
t
o
t
=
0

c

M
a
i
n
P
o
p
u
l
a
t
i
o
n
L
o
o
p

d
o
2
0
i
p
=
1
,
n
p
a
r
/
2

c
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.
l
t
.
i
1
)
t
h
e
n

c

s
h
i
f
t
u
p

j
f
i
t
(
i
f
1
)
=
n
p
-
i

d
o
2
2
k
=
i
1
-
1
,
i
+
1
,
-
1

j
f
i
t
(
i
f
i
t
(
k
)
)
=
j
f
i
t
(
i
f
i
t
(
k
)
)
-
1

i
f
i
t
(
k
+
1
)
=
i
f
i
t
(
k
)

2
2

c
o
n
t
i
n
u
e

i
f
i
t
(
i
+
1
)
=
i
f
1

e
l
s
e

c

s
h
i
f
t
d
o
w
n

j
f
i
t
(
i
f
1
)
=
n
p
-
i
+
1

d
o
2
3
k
=
i
1
+
1
,
i

j
f
i
t
(
i
f
i
t
(
k
)
)
=
j
f
i
t
(
i
f
i
t
(
k
)
)
+
1

i
f
i
t
(
k
-
1
)
=
i
f
i
t
(
k
)

2
3

c
o
n
t
i
n
u
e

i
f
i
t
(
i
)
=
i
f
1

e
n
d
i
f

n
n
e
w
=
n
n
e
w
+
1

g
o
t
o
1

e
n
d
i
f

2
0

c
o
n
t
i
n
u
e

1
c
o
n
t
i
n
u
e

r
e
t
u
r
n

e
n
d

c
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s
u
b
r
o
u
t
i
n
e
m
u
t
a
t
e
(
n
,
m
a
x
,
p
m
u
t
,
g
n
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
=
=
=
=
=
=
=
=
=
=
=
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=
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=
=
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=
=
=
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=
=
=
=
=
=
=
=
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=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c

P
e
r
f
o
r
m
s
s
i
n
g
l
e
g
e
n
e
m
u
t
a
t
i
o
n
i
f
c
o
n
d
i
t
i
o
n
s
a
l
l
o
w
.

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
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i
m
p
l
i
c
i
t
n
o
n
e

i
n
t
e
g
e
r
n
,
g
n
(
n
)
,
i
,
m
a
x

r
e
a
l
p
m
u
t
,
u
r
a
n
d

e
x
t
e
r
n
a
l
u
r
a
n
d



B
.2.
T
H
E
S
E
L
E
C
T
O
R
C
O
D
E

d
o
1
0
i
=
1
,
n

i
f
(
u
r
a
n
d
(
)
.
l
t
.
p
m
u
t
)
t
h
e
n

g
n
(
i
)
=
i
n
t
(
u
r
a
n
d
(
)
*
m
a
x
)
+
1

e
n
d
i
f

1
0
c
o
n
t
i
n
u
e

r
e
t
u
r
n

e
n
d

c
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

F
u
n
c
t
i
o
n
f
f
(
n
,
x
,
j
o
b
)

c

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c
T
h
e
f
i
t
n
e
s
s
e
v
a
l
u
a
t
i
o
n
f
u
n
c
t
i
o
n

c
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

c
o
m
m
o
n
/
d
a
t
a
/
k
e
r
n
(
1
0
0
,
2
0
0
)

r
e
a
l

k
e
r
n
,
c
o
n
d
,
f
f
,
i
n
f
o
,
i
n
f
o
2
,
w
o
r
k
(
3
0
,
3
0
)
,
s
p
a
c
e
(
3
0
)

i
n
t
e
g
e
r

n
,
i
,
j
,
k
d
i
m
,
m
,
i
n
d
e
x
(
3
0
)
,
x
(
n
)
,
j
o
b
,
i
n
d
x
(
n
)

e
x
t
e
r
n
a
l

r
q
s
o
r
t

k
d
i
m
=
n

c

C
o
m
p
u
t
e
w
o
r
k
i
n
g
s
p
a
c
e
m
a
t
r
i
x

d
o
5
m
=
1
,
n

d
o
6
j
=
1
,
k
d
i
m

w
o
r
k
(
m
,
j
)
=
k
e
r
n
(
x
(
m
)
,
j
)

6

c
o
n
t
i
n
u
e

5
c
o
n
t
i
n
u
e

c
I
s
i
t
f
u
l
l
S
V
D
o
r
e
s
t
i
m
a
t
o
r
?

i
f
(
c
a
l
c
.
e
q
.
1
)
t
h
e
n

C
a
l
l
s
v
d
c
m
p
(
w
o
r
k
,
n
,
k
d
i
m
,
n
,
k
d
i
m
,
s
p
a
c
e
,
v
)

C
a
l
l
i
n
d
e
x
x
(
n
,
n
,
i
n
d
x
)

c
o
n
d
=
(
s
p
a
c
e
(
i
n
d
x
(
n
)
)
/
s
p
a
c
e
(
i
n
d
x
(
0
)
)
)

e
l
s
e

c
C
o
m
p
u
t
e
L
U
d
e
c
o
m
p
o
s
i
t
i
o
n

i
n
f
o
=
0
.
d
0

C
a
l
l
l
u
d
c
m
p
(
w
o
r
k
,
n
,
k
d
i
m
,
i
n
d
e
x
,
i
n
f
o
)

c
C
o
m
p
u
t
e
e
s
t
i
m
a
t
e
o
f
c
o
n
d
i
t
i
o
n
n
u
m
b
e
r
f
o
r
w
o
r
k
s
p
a
c
e
m
a
t
r
i
x

i
n
f
o
2
=
0
.
d
0

C
a
l
l
s
t
r
c
o
(
w
o
r
k
,
n
,
k
d
i
m
,
c
o
n
d
,
s
p
a
c
e
,
i
n
f
o
2
)

e
n
d
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f
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e
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d
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c
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P
e
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L
U
d
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c
o
m
p
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i
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M
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t
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S
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P
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(
n
)
,
n
m
a
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i
n
t
e
g
e
r

i
,
i
m
a
x
,
j
,
k

r
e
a
l

d
,
a
(
n
p
,
n
p
)
,
t
i
n
y

r
e
a
l

a
a
m
a
x
,
d
u
m
,
s
u
m
,
v
v
(
n
m
a
x
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p
a
r
a
m
e
t
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(
n
m
a
x
=
5
0
0
,
t
i
n
y
=
1
.
0
e
-
2
0
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d
=
1
.

d
o
1
2
i
=
1
,
n

a
a
m
a
x
=
0
.

d
o
1
1
j
=
1
,
n

i
f
(
a
b
s
(
a
(
i
,
j
)
)
.
g
t
.
a
a
m
a
x
)
a
a
m
a
x
=
a
b
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(
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(
i
,
j
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1
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c
o
n
t
i
n
u
e

i
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(
a
a
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a
x
.
e
q
.
0
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)
p
a
u
s
e
'
s
i
n
g
u
l
a
r
m
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t
r
i
x
i
n
l
u
d
c
m
p
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v
v
(
i
)
=
1
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/
a
a
m
a
x
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c
o
n
t
i
n
u
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d
o
1
9
j
=
1
,
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d
o
1
4
i
=
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j
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u
m
=
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,
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d
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1
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k
=
1
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-
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1.2.
R
E
M
O
T
E
S
E
N
S
IN
G
O
F
T
H
E
S
U
N
(1945
!

P
R
E
S
E
N
T
)

op
aq
u
e
to
th
at
ran
ge
of
w
avelen
gth
s.
T
h
e
on
ly
e-m
rad
iation
from
th
e
S
u
n
th
at
reach
es

E
arth
's
su
rface
is
in
th
e
v
isib
le,
a
few
\w
in
d
ow
s"
in
th
e
n
ear
in
frared
,
ex
trem
ely
h
igh

en
ergy
gam
m
a
ray
s
an
d
a
w
id
e
ran
ge
of
rad
io
w
avelen
gth
s.
F
igu
re
1.2
sh
ow
s
th
e
h
eigh
t

of
u
n
it
op
tical
d
ep
th
of
th
e
E
arth
's
atm
osp
h
ere
as
a
fu
n
ction
of
w
avelen
gth
.

2.
R
ed
u
c
tio
n
o
f
sca
tte
rin
g
a
n
d
d
isto
rtio
n
.
A
t
v
isib
le
w
avelen
gth
s
th
e
coron
a
is
very
fain
t

com
p
ared
to
th
e
ex
trem
ely
b
righ
t
solar
d
isc.
A
gain
,
ou
r
atm
osp
h
ere
scatters
ligh
t
(cf.

th
e
b
lu
e
ap
p
earan
ce
of
th
e
d
ay
tim
e
sk
y
is
cau
sed
b
y
th
e
R
ay
leigh
scatterin
g
of
solar

w
h
ite
ligh
t)
an
d
p
u
ts
fu
n
d
am
en
tal
lim
its
on
d
istin
gu
ish
in
g
fain
t
ob
jects
n
ear
b
righ
t
on
es.

T
h
e
d
istortion
of
ligh
t
p
assin
g
th
rou
gh
th
e
tu
rb
u
len
t
region
s
of
ou
r
atm
osp
h
ere
(e.g.
th
e

trop
osp
h
ere)
is
an
oth
er
p
rim
e
con
cern
,
b
u
t
can
b
e
accom
m
o
d
ated
for
b
y
im
p
lem
en
tin
g

com
p
lex
ad
ap
tive
op
tics
sch
em
es
(see,
e.g.,
L
loy
d
-H
art
et
al.
1998).

3.
C
o
n
tin
u
o
u
s
o
b
se
rv
a
tio
n
s.
F
or
m
an
y
lon
g
d
u
ration
even
ts
su
ch
as
m
on
itorin
g
oscillation
s

of
th
e
p
h
otosp
h
ere
an
d
sto
ch
astic
even
ts
like

ares
con
tin
u
ou
s
ob
servation
is
req
u
ired
ju
st

b
ecau
se
of
th
eir
p
articu
lar
p
h
y
sical
n
atu
re.
W
e
can
ob
tain
con
tin
u
ou
s
ob
servation
s
of
th
e

S
u
n
in
tw
o
w
ay
s
:

?
p
lacin
g
a
satellite
in
a
S
u
n
-sy
n
ch
ron
ou
s
orb
it
(a
low
E
arth
orb
it
ru
n
n
in
g
from
p
ole
to

p
ole
b
u
t
in
a
slow
ly
p
recessin
g
p
lan
e
w
h
ich
rem
ain
s
p
erp
en
d
icu
lar
to
th
e
E
arth
-S
u
n

lin
e).

?
p
lacin
g
a
satellite
in
to
orb
it
at
th
e
E
arth
-S
u
n
L
agran
ge
p
oin
t
(alon
g
th
e
E
arth
-S
u
n

lin
e
at
th
e
p
oin
t
w
h
ere
th
e
op
p
osin
g
grav
itation
al
attraction
s
of
th
e
S
u
n
an
d
E
arth

can
cel).

H
ow
ever,
lon
g
b
efore
w
e
h
ad
th
e
ad
van
ced
tech
n
ology
of
to
d
ay
an
d
w
ere
ab
le
to
p
lace
an

array
of
S
u
n
ob
serv
in
g
satellites
in
orb
it
th
ere
w
ere
m
an
y
su
ccessfu
l
attem
p
ts
at
rem
otely

sen
sin
g
th
e
solar
atm
osp
h
ere.
D
u
rin
g
W
orld
W
ar
II
(W
W
II)
solar
p
h
y
sics
w
as
essen
tially
a

classi�
ed
su
b
ject
an
d
th
e
research
w
as
for
m
ilitary
ap
p
lication
.
H
ow
ever,
so
on
after
th
e
close

of
h
ostilities,
U
V
ob
servation
s
of
th
e
S
u
n
w
ere
m
ad
e
u
sin
g
a
sp
ectrograp
h

ow
n
on
a
sligh
tly

m
o
d
i�
ed
version
s
of
W
ern
er
V
on
B
rau
n
's
in
fam
ou
s
V
-2
ro
ckets.
T
h
e
cap
tu
re
of
several
V
-2

ro
ckets,
th
e
rep
atriation
of
variou
s
en
gin
eers
an
d
tech
n
ician
s,
an
d
th
e
resu
ltin
g
tech
n
ological

ad
van
ces
of
th
e
late
1940's
allow
ed
th
e
S
u
n
to
b
e
stu
d
ied
regu
larly
in
th
e
U
V
an
d
X
-R
ay

w
avelen
gth
b
an
d
s.
T
h
ese
ob
servation
s
w
ere
m
ad
e
u
sin
g
`sou
n
d
in
g
ro
ckets' 6
w
h
ich
are
still

6`S
o
u
n
d
in
g
'
co
m
es
fro
m
a
n
a
u
tica
l
term
fo
r
ta
k
in
g
a
m
ea
su
rem
en
t
b
y
d
ro
p
p
in
g
a
lin
e
in
to
th
e
sea
.



1.
1.
T
H
E
O
U
T
E
R
S
O
L
A
R
A
T
M
O
S
P
H
E
R
E

F
ig
u
re
1.
1:
A
ve
ra
ge
te
m
p
er
at
u
re
(s
ol
id
li
n
e)
an
d
d
en
si
ty
(d
as
h
ed
li
n
e)
st
ru
ct
u
re
of
th
e
q
u
ie
t

so
la
r
p
h
ot
os
p
h
er
e,
ch
ro
m
os
p
h
er
e,
tr
an
si
ti
on
re
gi
on
(T
R
)
an
d
co
ro
n
a.
F
ro
m
th
e
p
h
ot
os
p
h
er
e

(z
=
0)
to
a
te
m
p
er
at
u
re
of
4:
5
�
10
5
K
th
e
va
lu
es
p
lo
tt
ed
ar
e
gi
ve
n
in
V
er
n
az
za
et
al
.
(1
98
1)

an
d
in
to
th
e
co
ro
n
a
fr
om
a
q
u
ie
t
\n
et
w
or
k
"
m
o
d
el
gi
ve
n
in
M
ar
is
ka
(1
99
2)
.

b
y
se
ve
ra
l
or
d
er
s
of
m
ag
n
it
u
d
e.
Y
et
h
ig
h
er
in
th
e
at
m
os
p
h
er
e
(a
b
ov
e
2,
50
0
k
il
om
et
er
s
in

ou
r
m
o
d
el
)
w
e
en
te
r
a
re
gi
on
ca
ll
ed
th
e
co
ro
n
a
w
h
ic
h
h
as
an
av
er
ag
e
te
m
p
er
at
u
re
ar
ou
n
d

1;
00
0;
00
0
K
.
T
h
e
re
gi
on
b
et
w
ee
n
ch
ro
m
os
p
h
er
e
an
d
co
ro
n
a
is
a
co
m
p
le
x
b
ea
st
,
im
ag
in
at
iv
el
y

n
am
ed
th
e
tr
a
n
si
ti
o
n
re
g
io
n
an
d
is
th
e
su
b
je
ct
of
an
ex
ce
ll
en
t
m
on
og
ra
p
h
b
y
M
ar
is
ka
(1
99
2)
.

In
d
ee
d
,
th
er
e
ar
e
ot
h
er
m
on
og
ra
p
h
s
d
ed
ic
at
ed
to
sp
ec
i�
c
so
la
r
re
gi
m
es
,
th
e
p
h
ot
os
p
h
er
e

(m
u
ch
of
w
h
ic
h
is
d
is
cu
ss
ed
in
S
te
n

o
19
94
),
ch
ro
m
os
p
h
er
e
(T
h
om
as
&
A
th
ay
19
61
;
B
ra
y

et
al
.
19
84
),
co
ro
n
a
(G
ol
u
b
&
P
as
ac
h
o�
19
97
)
an
d
so
m
e
m
ag
n
i�
ce
n
t
b
o
ok
s
co
ve
ri
n
g
m
os
t

so
la
r
to
p
ic
s
an
d
p
h
en
om
en
a
(S
tu
rr
o
ck
19
85
;
Z
ir
in
19
88
;
S
ti
x
19
89
;
F
ou
ka
l
19
90
).

B
y
n
ow
,
ev
en
in
th
is
ve
ry
si
m
p
le
d
es
cr
ip
ti
on
,
al
ar
m
b
el
ls
sh
ou
ld
b
e
ri
n
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p
h
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e
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p
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p
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b
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p
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p
h
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c
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b
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i
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b
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.
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c c
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c
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u
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u
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c
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p
l
o
o
p
s
o
r
e
m
a
i
n
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n
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v
e
c
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r
l
e
n
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t
h
i
s
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l
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p
l
e
o
f
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1.1.
T
H
E
O
U
T
E
R
S
O
L
A
R
A
T
M
O
S
P
H
E
R
E

ob
serve
th
e
S
u
n
from
th
e
in
h
osp
itab
le
reach
es
of
sp
ace
in
variab
ly
u
sin
g
u
n
m
an
n
ed
d
ron
es.

H
ere
w
e
in
tro
d
u
ce
th
e
b
asic
facts
ab
ou
t
th
e
atm
osp
h
ere
of
th
e
S
u
n
,
an
d
d
iscu
ss
th
e
n
eed
for

it
to
b
e
ob
served
from
ou
tw
ith
ou
r
p
rotective
atm
osp
h
ere.
W
e
b
rie
y
d
iscu
ss
som
e
of
th
e

lan
d
m
ark
s
of
sp
ace-b
orn
e
solar
ob
serv
in
g
from
th
e
u
se
of
W
orld
W
ar
II
ro
cket
tech
n
ology

th
rou
gh
to
th
e
m
a
jor
m
ission
of
to
d
ay,
th
e
join
t
E
S
A
/N
A
S
A
m
ission
called
th
e
S
O
lar
an
d

H
eliosp
h
eric
O
b
servatory
or
ju
st
S
O
H
O
2.
S
ection
1.3
gives
a
sh
ort
overv
iew
of
th
e
scop
e
an
d

th
e
m
otivation
b
eh
in
d
th
e
m
aterial
th
at
w
ill
ap
p
ear
in
th
e
follow
in
g
ch
ap
ters.
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T
h
e
o
u
te
r
so
la
r
a
tm
o
sp
h
e
re

T
h
e
S
u
n
is
th
e
sen
tin
el
of
ou
r
region
of
th
e
G
alax
y
an
d
it
p
rov
id
es
u
s
w
ith
th
e
en
ergy
w
e

n
eed
to
su
rv
ive
an
d
m
ain
tain
th
e
state
of
eq
u
ilib
riu
m
w
e
call
life.
W
e
are
b
ein
g
con
stan
tly

b
om
b
ard
ed
b
y
rad
iation
(an
d
p
articles)
em
itted
b
y
th
e
S
u
n
an
d
th
e
key
to
u
n
d
erstan
d
in
g

th
e
p
ro
cesses
h
ap
p
en
in
g
on
th
e
S
u
n
is
in
`catch
in
g'
som
e
of
th
is
rad
iation
.
T
o
u
n
d
erstan
d

th
e
p
h
y
sical
m
ech
an
ism
s
b
eh
in
d
th
e
stru
ctu
re
of
th
e
S
u
n
's
atm
osp
h
ere
is
to
u
n
d
erstan
d
th
e

S
u
n
itself.
T
h
e
rad
iation
em
itted
(or
ab
sorb
ed
)
b
y
it
tells
u
s
of
its
tem
p
eratu
re/d
en
sity

stru
ctu
re,
ch
em
ical
com
p
osition
,
velo
city
an
d
m
an
y
oth
er
im
p
ortan
t
p
h
y
sical
q
u
an
tities.
W
e

w
ill
d
iscu
ss
th
e
p
rob
in
g
of
th
e
S
u
n
's
atm
osp
h
ere
3
in
d
u
e
cou
rse
b
u
t
w
e
m
u
st
�
rst
give
its

p
h
y
sical
d
escrip
tion
.

T
h
e
goal
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